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ABSTRACT

A topological insulator (TI) is a novel electronic state of quantum matter characterize by a bulk
insulating bandgap and spin-polarized metallic surface states. Recently, the idea of topology protected surface states extended to semimetallic/metallic systems such as Dirac and Weyl semimetals. Unlike topological insulators where only surface states are interesting and topologically protected, Dirac and Weyl semimetals feature unusual bands in both on the surface and bulk. Dirac
semimetals show photon-like linear band dispersion and exhibit a variety of exotic properties that
include surface Fermi arc, large magnetoresistance and high carrier mobility, etc. Recently, a new
type of topological phase is known as the topological nodal-line phase has been discovered where
band touching over 1D line/loop in momentum space and requires extra symmetry protection.
By utilizing angle-and time-resolved photoemission spectroscopy (ARPES) study in parallel with
first-principles calculations, we reveal the presence of nodal-line in ZrSiS and study the detailed
electronic structure. Our study discovers a naturally tuned nodal-line semimetal with the 2D Dirac
fermion in ZrGeTe. Although nodal semimetal can originate in both time-reversal (T) or inversion
symmetry broken materials but most of the experimentally discovered TNLS are nonmagnetic.
Our study reveals the first magnetic nodal-line state in GdSbTe where combination of broken Tsymmetry and roto-inversion symmetry provides the topological protection. Similar to the Fermi
arc in Weyl semimetal, drumhead surface state is known as the characteristic signature of TNLS.
Using ARPES and quantum oscillation study, we discuss the first in-plane and clean drumhead
surface state in SrAs3 . Furthermore, all the above discussed topological states are observed in
different materials. We discuss our ARPES and first-principles study to identify weak and strong
topological insulator state along with a Dirac node arc in Hf2 Te2 P.
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CHAPTER 1: INTRODUCTION

The novel phenomena and extraordinary application potential of topological quantum materials
have fascinated the scientists and engineers for long time. Finally, in the last decade, the experimental discovery of topological insulator [1, 2] in stoichiometric system opens up a new era
not only for achieving long-sought quantum computer and low energy electronic devices but also
studying the elementary particle physics in condensed matter system. In this chapter, I give an
introduction about my material of interests. To do so, I discuss about Hall effects and the topological insulator and how a topogical insulator differ from trivial insulator. Then we expand the idea
of nontrivial state from topological insulators to topological semimetals. Among the topological
semimetals I will particularly focus on the topological nodal-line/loop (TNL) semimetals. Then
I explain how the discovery of TNL phase inspire my work to discover new topological quantum
materials with distinct novel quantum properties.

1.1 Hall effect, Quantum Hall effect, and Quantum spin Hall effect

In 1879 Edwin H. Hall observed that under electric and magnetic field metallic solid show a current across it in a direction perpendicular to both applied current and magnetic field directions [3].
Following his name now it is known as the Hall current or Hall voltage. Let us consider a two dimensional (2D) sample as shown in Fig. 1.1. When is subjected to a magnetic field (B) outward in
direction, the charge carrier can not continue its original path (dashed arrow) instead gets deflected
towards the boundary due to the Lorentz force. As a result carrier with opposite charge accumulate
at the corresponding boundary and an electric field (E) arises between them. At equilibrium the
Lorentz force can be defined as:
F = q(E + v × B) = 0
1

(1.1)

Figure 1.1: Classical Hall effect.

Where v is the velocity of the particle and q is the charge of the particle. If the width of the subject
is l then the Hall voltage and Hall resistance between the two boundary then can be readily seen
from this equation as:
VH = l × vB = RH I

(1.2)

Here RH is the Hall resistance and I is the electric current through the sample. Today Hall current
measurements is used for the determining the carrier type, charge density and magnetic field.
Important point to notice here is the linear dependence of the Hall resistance with the magnetic
2

field.
In 1980 integer quantum Hall effect was discovered which is known as the quantum version of
Hall effect in 2D [4]. In a 2D electron gas at semiconductor hetarostructure under high magnetic
field and at low temperature the Hall conductance found to be quantized and integer multiple of
e2 . This phenomenon is well understood now and can be explained in terms of simple harmonic
oscillator’s function of quantum mechanics [5]. Under a uniform magnetic field the motion of the
charge particle can be described by the simple harmonic equation, as a result the energy levels
become quantized with the allowed values of integer multiple of cyclotron frequency (ω c ). This
energy levels are known as the Landau level. If the n Landau levels are completely filled then
2

the measured Hall conductance become n eh . Here n is the filling factor which recently showed to
be directly related with the chern number [6]. To visualize the mechanism behind this quantum
conductance a semiclassical picture is very helpful. As shown the Fig. 1.2a consider a charge
particle in a uniform magnetic field. In the bulk charge particle completes a full cyclotron however
at the edge translational symmetry gets broken due to the adjacent vacuum space. However, the
strong Lorentz force drives the charge carrier in a forward motion and it forced to skip the cycle.
This leads to a uni directional forward moving edge current. Due the similar factor the carrier at
the boundary have higher group velocity than the carrier at the bulk. This fast moving particles
at the edge show with perfect one dimensional (1D) conducting channel has no effect to any nonmagnetic impurities and offer a quantum conductance while slow moving bulk become localized
(see Fig. 1.2b) [7]. Such property with insulating bulk and conducting surface is known as the
characteristics of topological insulator.
In 1982 experiments show that Landau filling faction can also have fractional value in materials
with higher mobility [8] which Laughlin explained interm of a many-body condensate and proposed that it can be explained by Laughlin wave function [9]. This fractional quantum Hall effect
(FQHE) not only depend on the Landau quantization but also electron-electron interaction. The
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strong Coulomb interaction force the quasiparticle to carry a localized fractional charge. In 1988
J. K. Jain explain the FQHE in terms of cpmposite fermions which is a combination of electron
charge and magnetic flux [10]. The FQHE is considered as one of the earliest observed topological
state which believed to have topological order [11].
Long before the discovery of IQHE Hall noticed that the Hall resistance could have another contribution in ferromagnetic or in paramagnetic material under magnetic field which is not depend
on the simple magnetic field [12]. He noticed that in ferromagnetic materials there is a trace of
Hall resistance in after the magnetic field switched off. This effect can not be explained by the
Lorentz force and latter on it is found that its directly depends on the magnetization (M) effect of
ferromagnetic materials. Almost a century later work of Luttinger and his colleague provide the
microscopic explanation of this anomalous Hall effect (AHE). He proposed that, electrons in solid
acquire an additional group velocity under external field which is perpendicular to the field and
can contribute to the Hall resistance measurements [13]. This cause the phase change in Bloch
wave function to evolve with the crystal momentum space [14]. Most importantly, this leads to
the first connection on the origin of Hall effect to the topology through Berry phase calculation
[15]. The anomalous Hall effect originates due to the coupling of electron’s orbital motion to its
spin [16]. When an electron move in a external field it faces a transverse force due to the internal
field of spin current and electron with opposite spin will deflect in opposite direction leading to
AHE. The quantum version of AHE known as the quantum anomalous Hall effect (QAHE) which
is also referred as the chern insulator. Now going back to the IQHE which required magnetic field
therefore generators of translation do not commute with each other. However, presence of external
magnetic field is not essential for QAHE giving the opportunity to achieve quantum Hall effect
with nonzero chern number without magnetic field. But the question still remains how to construct
the Bloch band theory for QAHE.
The first theoretical model to explain the QAHE is proposed by the Haldane in 1988 [17]. His pro4

posal is very easy to understand and become the stepping stone for 2D quantum spin Hall insulator.
Let us consider a spinless electron system under a periodic magnetic field. Over a full period the
total magnetic flux is zero. Even though there is no net magnetic field but the periodic magnetic
field can still drive the edge channel. He explained this for the case of graphene. In graphene
which is a 2D form of carbon have two band touching point between valence and conduction band
in the Brillouin zone (BZ) which disperse linearly in momentum space. Then he break the timereversal symmetry (T) by applying periodic magnetic field which lifts the degeneracy of the band
touching point and opens a gap between the conduction and valence band. Although this break
the T-symmetry but still preserve the spatial symmetry of the honeycomb lattice of graphene. He
showed that this gap state is not equivalent to ordinary insulator rather a quantized version of the
Hall conductivity and can still be described by the Dirac equation. As this provides nonzero chern
number hence known as the chern insulator which is recently experimentally realized in magnetically doped (Bi1−x Sbx )2 Te3 thin films [18]. The chern number can be calculated from the Berry
phase integration over the full BZ.
The Berry phase is the geometrical phase acquired under an adiabatic cycle. In order to calculate
the chern number let us consider a Bloch state,
|Ψ(k)i → eiφ(k) |Ψ(k)i

(1.3)

In comparison with electromagnetic gauge transformation the quantity Berry connection can be
defined as,
A = −i hΨ(k)| |∇k | |Ψ(k)i

(1.4)

Under the block wavefuction A → A + ∇k φ(k). For a closed loop the Berry phase (γ) is defined
as
γ=

I

A.dk =

Z
S

5

∇k × A d2 k

(1.5)

Where ∇k × A is known as the Berry curvature. In two dimensional manifold an integration over
a closed loop produce the chern number.

n=

1 I
∇k × Ad2 k
2π

(1.6)

S

The allowed values from this integration over the entire surface is always multiple of 2πn. This
confirms the quantization of chern number for any gapped band structure. In the case for AQH
resistance, n defines the number of fully filled bands.
Although the QAH insulator or chern insulator offer nonzero chern number without application
of magnetic field however the magnetization effects still breaks the T-symmetry. As most of the
natural materials are nonmagnetic, researcher started to find the material with nonzero chern number with T-symmetry. This leads to the theoretical prediction of quantum spin Hall effect (QSHE)
[19, 20]. QSHE is the quantum version of spin Hall effect. Let us consider two copy of QHE with
magnetic field directions opposite to each other as shown in the upper panel of Fig. 1.3a. The edge
current channel for the two system will move to the opposite direction of each other at the boundary. Now, if one stack the two system in a homogeneous manner the total magnetization effect will
vanish for the new system. However, the edge current can still survive with two channels of edge
current (see Fig. 1.3b). This physical scenario lead to the birth of QSHE. Most important point
to note here is the destruction of charge current and the Hall conductance in QSHE is due to the
spin current. This picture is first proposed by Kane and Mele by replacing periodic magnetic field
with the spin-orbit coupling (SOC). In heavier elements the SOC effect is strong enough to create
the transverse force required to deflect the spin- 21 system to have edge state. In 2006 Bernevig and
colleagues proposed a CdTe/HgTe hetarostructure with a critical thickness where this effect can be
actually observe. This prediction was then later experimentally observed [1].
Now let see what happened to the chern number for QSHE. From Fig. 1.3a if we define the chern
6

number for left case scenario as n = -1 for in plane magnetization then the right panel case can
be describe by the chern number n = +1. This is possible because under time reversal operator
momentum, spin and the magnetization change its sign. For QSH system or the stacking of two
systems lead to n = 0. Then how can the edge state get protected? At this point Kramer invariant
rule comes into the play. Since two chern insulators (+1 or -1) are symmetric under time reversal
operation the two edge state must meet with each other at k = 0 point. If not then the system will
be gapped out. The meeting point of the two edge states which is connected by the T-operator
known as the time reversal invariant momentum (TRIM) point. TRIM point is also know as the
Kramers point where two kramers point can be connected by any reciprocal lattice vector. This
ensures that at any TRIM point electronic bands are always doubly degenerate. Therefore, the
metallic edge state at the k = 0 point can survive without opening a gap. In real material where no
magnetization is present spin-orbit coupling plays the role for obtaining multiple band inversion
and if this happen at the TRIM points time reversal symmetry can protect the edge state between
this inverted bad gap.
Although this picture well describe the physical origin of the QSHE but creates another problem
for defining the quantum number of QSH system. This is because due to the SOC interaction spin
and orbital degrees of freedom can no longer be completely independent. Hence the spin can not
be identified as a well defined quantum number and with n = 0, we need new quantum number
to define the QSH system. In their model Kane and Mele proposed a new topological invariant
Z 2 number (ν) to overcome this problem. The Z 2 can only have two values 0 and 1. Here ν = 0
and ν = 1 stand for topologically trivial and nontrivial state. There are many popular methods for
determining Z 2 invariant. One of them is the Pfaffian model proposed by Fu, Kane and Mele [21].
Let us consider T as the time reversal operator, then T 2 = -1 as it is an anti-unitary operator. Now
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if |Ψm i is the occupaied wavefunction then we can define a unitary matrix as:

ωmn (k) = hΨm (k)| |T| |Ψn ()i

(1.7)

Since T is anti-unitary ω T (k) = -ω(-k). Now according to Ref. [21], for a 2D BZ there are four
~ As at the four points ω(Γi ) is
TRIM point where k is related to -k by a reciprocal lattice vector G.
antisymmetric, the determinant of can be found from,
q

δi = P f [ω(Γi )]/ det[ω(Γi )]

(1.8)

Provided the Block wavefunction is chosen continuously over the entire BZ, the Z 2 invariants is
(−1)ν =

4
Y

δi

(1.9)

i=1

Furthermore, if the system preserves additional inversion symmetry the Z 2 invariant can easily
obtained by calculating parity eigenvalues [22]. If the eigenvalues of parity operator is ζ m (Γi ),
then Z 2 invariant can be found from the following relation

δi =

Y

Γi

(1.10)

m

Finally, the discovery of QSHE is the first step towards achieving the 3D topological insulator as
the stacking of QSHE can lead to the formulation of weak topological insulator state. Important
point to note here, all the 2D topological insulator state discussed above characterized by the
surface or metallic edge state, can only be accessed via indirect observation of transport signature.
Particularly, it is not possible to observe via angle-resolved photoemission spectroscopy to directly
access the 1D band crossing point.
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1.2 Topological insulators

The discovery of topological insulator open a new era on the study nontrivial state in three dimension (3D). The TI characterized by the insulating bulk with spin polarized metallic surface which
allow to conduct current only through the surface of the materials [2, 24, 22, 25]. Before moving
toward the details of the 3D topological insulator I would provide a physical description about a a
topological insulator [2, 24] which is different from normal insulaor or atomic insulator [23]. Let
us consider a elementary particle for example He (1s2 ). It has two electrons with completely filled
outer orbit. Now according to the orbital filling rule the two electron form the lowest valence band
and no electron remains to conduct freely. If we like to move a electron from this valence shell
to a unoccupied conduction shell we need to provide external energy to overcome the energy gap
between valence and conduction band. As it is usually in the eV range for completely empty conduction shell they usually refers as the insulating state. Now think of an atomic system with infinite
atomic unit cell as shown in the Fig. 1.4 a. When individual atoms arranged in a crystallographic
atomic cell points, electrons in the atoms no longer act as an free electrons rather they interact with
each other. This new state known as the bands where completely filled electronic bands called valence bands an and the completely empty set of bands known as the conduction bands. In an atomic
insulator valence and conduction band are separated by a energy gap see Fig. 1.4a. As it takes finite large energy to overcome this band gap, insulators are electronically inert. Now if we reduced
the atomic unit cell from infinite value to a experimental range adiabatically Block wavefunction
comes into play to bound them in normal insulator state. The interaction between atoms within
finite lattice constant forced free electrons to evolves in order to satisfy the Bloch wave boundary
condition and lead them to form a collective energy state. This process of adibatically changing
Hamiltonian do not close the energy gap for an insulator (see Fig. 1.4b). On contrary a topological
insulator (TI) is just like the normal insulator in the bulk with finite energy gap but possess metallic
surface to connect the valence and conduction bands. Therefore, similar to the normal insulator it
9

does not conduct in the bulk but have a well defined conduction channel through the surface. This
metallic surface is topologically protected by time-reversal symmetry which can not be annihilated
by any nonmagnetic impurity as discussed earlier and will be discussed later for TI. So what is
the basic difference between vacuum, normal insulator and topological insulator? In a word its the
presence of topology. One can transform a normal insulator to a vacuum state just by increasing
the atomic cell limit (lattice constant) but not the TI as long as the T-symmetry preserved.
Now how to get a nontrivial topological phase in a normal insulator which can host TI state? The
answer is the band inversion which must be driven by the SOC coupling among the appropriate
atomic levels. This can happen between any orbitals but has to have enough relativistic attraction
force. For examples, in some materials s-orbital lies above the p-orbital but can pull itself below
the p-orbital if the atomic number is large enough. For this reason most of the TI insulator consist
heavier elements such as Bi. But this picture raises a self conflicting question, why not all the
materials with heavier constituent elements do not have TI state? To understand that lets go back
to the valence and conduction band picture of normal insulator. If the valence band maxima have
lower energy than the conduction band minima there will always be a band gap throughout the
whole BZ. This is indeed the case for normal insulator. However, for a TI the energy of of the
valence band becomes higher than the conduction band at some specific momentum points of the
BZ. This lead to the gap closing phenomena to restore the natural order and a quantum phase
transition take place. Figure 1.5 shows the schematic drawing of the band inversion process. Here,
one can see the band gap can close to a critical point (see Fig. 1.5b) and can invert and reopen
a gap (see Fig. 1.5c). As TI harbor a surface state within the bulk band gap therefore only band
inversion can not guaranty the presence of TI. Therefore, band inversion can be identified as the
necessary condition for TI but not sufficient.
As discussed in the previous section, TI is the 3D version of the QSHE and to completely define
the topological nature of the materials one need to calculate the topological invariants (Z 2 ) of the
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system which is a global quantity and needed to consider the electronic wavefunction throughout
the complete BZ. One point to notice here, while QSHE possess edge state TI have the surface
state. In order to calculate the Z 2 invariant for the 3D TI, once again we discuss the Pfaffian model
by Fu, Kane and Mele [21]. In contrast to four TRIM points for 2D there are eight TRIM points
for the 3D case. In 2D or QSHE case one unique number ν characterize the topological nature of
the system. However, there are four distinct Z 2 invariants (ν 0 :ν 1 ν 2 ν 3 ) are required for 3D system.
The strong Z 2 invariant (ν 0 ) can be calculated from the following equation,
(−1)ν0 =

8
Y

δi

(1.11)

i=1

q

where once again δ i = Pf[ω(Γi )]/ det[ω(Γi )] = ±1. Three other invariants (ν i = ν 1 ,ν 2 ,ν 3 ) can be
calculated from the following equation,
8
Y

(−1)νi =

δi

(1.12)

j=1,j6=i=0,1

Here, ν 0 known as the strong topological invariant and ν 1 ,ν 2 ,ν 3 are known as the weak topological
invariant and can be interpret as Miller indices. If all four of them are zero, then it refers to trivial
insulator. If ν 0 = 1 then it will refer to a strong TI. But if ν 0 = 0 with any other or all weak invariants
are nonzero then it refers to a weak TI. This is the case which defines the stacking QSHE where at
least 2 band crossing point survive. As shown in the Fig. 1.6a a weak topological insulator confined
even number of Dirac cone (red circle) while strong topological insulator have single Dirac cone
(see Fig. 1.6) in the BZ. The surface state in weak TI crosses the Fermi level even number of type
and can be destroyed by tuning the Fermi level to a appropriate location to avoid the crossing. On
contrary in strong TI surface state cross the Fermi level odd number of time and robust against any
nonmagnetic impurity. This phenomena refers to as the bulk boundary correspondence.
As the presence of space group symmetry and particle-hole symmetry along with the TRS can
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protect the band crossing point, different combination of them also predicted to host various other
exotic topological insulating state [6, 26, 27]. Most obvious among them is the topological crystalline insulator where the topological invariants are protected by spatial crystalline symmetry [28].
The spatial space group symmetry such as mirror symmetry or rotational symmetry protects the
band crossing point along with the T-symmetry. For the case of mirror symmetry protected TCI a
mirror chern number is considered as the good quantum number to define topological invariants.
Hence TCIs are just the extension in the TI family of materials. One important point to note here is
that the Dirac cone can arise even at the non TRIM point. This is first observed in the SnTe system
and its doped alloys [29, 30]. Recently it has been even predicted and experimentally observed that
the TI state can even exist in the absence of T-symmetry. Here the topological protection comes
from the combination of time reversal and lattice translation symmetry. The idea is, even though
the T-symmetry is broken but if a product ((TΘ)2 = -1) of T-symmetry and any lattice translational
symmetry (Θ) is invariant under unitary transformation then this product operator can have the
same topological invariants [31].
Another important aspect of topological material is that it can mimic the elementary particle
physics from high energy physics as a quasiparticle states in condensed matter environment. This
also lead to the discovery of new state which does not even have high energy physics counterpart. If topological insulator also possess superconductivity then it can offer to study the Majorana
fermions [32]. The Hamiltonian of a fully gapped superconductor is similar to the TI. A topological superconductor opens a pairing gap in the bulk but supports gapless Majorana edge state within
it [32]. Depending on the presence or absenceT-symmetry the edge state can be chiral or normal
Majorana mode.
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1.3 From topological insulator to topological semimetal

The discovery to topological insulator invigorates the research to look for the nontrivial state in
the semimetallic or metallic materials. This eventually leads to the observation of nontrivial state
in the gapless system in contrast to the gapped system in TI [2]. This new gapless materials with
topologically protected Dirac cones known as the topological semimetal (TSM) [33]. Depending
on the nature of band crossing point there are several kinds of topological semimetals such as Dirac,
Weyl, Majorana and most recently three-, six- eight-fold semimetals [33, 32, 34]. The protection
of such band crossing points is associated with various symmetries. In this section we will mainly
focus on the Dirac and Weyls semimetals. Before discussing the details of Dirac and Weyl first I
will try to look quickly explain the difference between TI and TSM.
Unlike the TI where the metallic surface state is mostly important and responsible for the topologically protected nontrivial state, the bulk itself is interesting for TSM. Also in TI the inversion of
bulk band open a finite and surface state closes the gap but in TSM the bulk conduction band and
the bulk valence band touch each other at accidental momentum point. This band touching point
known as the Dirac point. This type of bulk band touching is very common in regular semimetals
but if this accidental point fall along a symmetry line then it can be protected and will be robust
against impurity. This band crossing points are often connected via a surface state in the Fermi
level which are known as the characteristics of respective TSMs. These low-energy excitation
is identified for their promising potential in low energy cost technology development and as a
platform to discover and study the new paradigm of fundamental physics. The nontrivial nature
of the bulk and surface electronic states have offered to study many exciting quantum transport
properties including large positive and negative magnetoresistance, chiral anomaly, bulk topological superconductor which are essential for spintronics devices and fault tolerant supercomputer
[35, 36, 37, 38, 39].
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Now we disuss the topological Dirac semimetal (TDSM). The Dirac equation plays the central role
in defining the TDSM. In an attempt to construct relativistic Schrodinger equation, Dirac shows
that for spin- 12 system energy is linearly dependent of momentum. The Dirac Hamiltonian in 2D
can be written as follow:
HD = hcσ.k + mc2 σz

(1.13)

Where h is the plank constant and c is the velocity of light, m is the mass of the charge particle.
And for 3D this becomes
HD = hcσi .ki + mc2 β

(1.14)

Here β is a 4× 4 unitary matrix and σ i ’s are Pauli matrices and σ i .ki = σ x .kx + σ y .ky + σ z .kz . The
solution of this equation known as the dispersion relation of particles is given below:

√
E(k) = ± h2 c2 k 2 + m2 c4

(1.15)

Here the mass parameter controls the topological transition and the nature of the Dirac cone. When
m = 0 the second part of the equation 1.15 vanishes the Dirac equation is linear to momentum and
the energy spectrum form gapless cone as shown in the left panel of Fig. 1.7a. This is known as
the Dirac cone and the crossing point or band crossing point refer as the Dirac point. This also
tells us that the Dirac point has four-fold degeneracy. However, moving from this critical point (m
= 0) and as the mass increases the slope of the cone also changes and the Dirac point started to
open a gap (see right panel of Fig. 1.7a). At m = m the Dirac point completely gapped with a gap
value 2m but the band can still be linearly dispersing. To understand the effect of mass in the Dirac
equation we can make an analogy to the effect of SOC in normal insulator or semimetal. The
presence SOC deflect the electron with opposite spin to lift the spin degeneracy and the doubly
degenerate band split into two channel with definite spin direction (see Fig. 1.7b ). Similarly
inclusion of mass break the spin degeneracy and forced the upper and lower part of the Dirac cone
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to move away from each other. In TDSM the presence of symmetry can stabilize the gapless Dirac
point. There are two major symmetry depended approch to achieve that one is nonsymmorphic
symmetry protected where Dirac point occur in a high symmetry point [40] and the other is the
rotational symmetry protected where Dirac points occur in pairs off a high symmetry point [41].
The TSDM are first experimentally observed in Cd3 As2 and Na3 Bi compounds [42, 43, 44].
There are Three types of Dirac semiemtals depending on the tilting nature of the Dirac cone. The
Dirac semimetal discussed above is known as the type-I Dirac semimetal. If the Dirac cone is
strongly tilted then it is known as the type-II Dirac semimetal. This type of Dirac semimetal do
not satisfy the Lorentz invariant and has no counterpart in high energy physics. This is possible
because the crystalline symmetry is not constraint by the Lorentz invariant. This also have been
experimentally observed by ARPES recently [45, 46]. If the tilting angle is critical or 90o then its
called type-III [47]. The experimental verification has still not been reported yet. This can mimic
the Hawking radiation properties of Blackhole.
Next we discuss the most well known topological semimetal called Weyl semimetal (WSM). If
either on of the T-symmetry or P-symmetry is broken in a Dirac semimetal, the spin degeneracy
will be lifted and the system evolve into a Weyl semimetal (see Fig. 1.8a)[48, 49, 50, 51]. Where
the four fold degeneracy of the Dirac point will be broken and two copy of Weyl cone arise with the
opposite chiral charge (±1). Now each Weyl point will be doubly degenerate and band creating the
Weyl cone will be nondegenerate. The each Weyl node act as the sink or source of the chiral charge
hence often consider them as the magnetic monopole. The Weyl semimetal can be understood from
the massless form of Dirac equation,
H± = hcσ.k

(1.16)

The solution to this equation is E± = ± hck. Here ’+’ and ’-’ stands for the two copy of spin.
Hence each Weyl equation corresponds to two-component chiral Weyl fermion. Since Weyl points
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are doubly degenerate the band forming the Weyl point can not be degenerate. This tells us why
both T-symmetry and P-symmetry cannot present together. When both of them are preserved our
previous discussion tells that the Kramer’s rule always ensure the doubly degeneracy nature of the
bands. Hence to obtain Weyl semimetal one of the symmetry must have to be broken. Notably,
the chern number is a good quantum number for Weyl semimetal. Berry curvature in momentum
space is analogous to the magnetic field. Integrating Berry curvature in momentum space over a
Fermi surface sheet surrounding the Weyl node will give the chiral chern number C which is always
±1 and equivalent to magnetic monopole. Therefore, Weyl node provide a platform to study the
monopole characteristics in condensed matter environment. From Ref. [52] we know that total
chiral chrage over a BZ must be zero therefore Weyl node always arise in pair and 4 would the
minimum number of Weyl node a system can have. The requirement of having vanishing chiral
charge also forced to act one of the node as sink and other node as the source of chiral charge
which create the surface state across the nodes known as the Fermi surface arc. The Fermi surface
arc is now considered as the characteristic signature of Weyl semimetal.
Similar to the Dirac semimetal, Weyl semimetal can be two types depending on the tilting nature.
When the Weyl node are not tiled they are called type-I and if they are tilted by any angle but
90o they known as type-II Weyl semimetal (see Figs. 1.8b and c) [45]. The Weyl semimetal
discussed above and discovered in TaAs is type-I WSM. As discussed above weyl semimetal can
arise from breaking either T or P symmetry however most of the discovered Weyl semimetals
are nonmagnetic [48, 49]. Although there were many theoretical proposal [53] magnetic Weyl
semimetal is experimentally observed very recently [54]. Many novel properties of topological
Weyl semimetal have been reported including second harmonic generation, shift current, large
negetive magnetoresistance, etc [55, 56].
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1.4 Topological nodal-line semimetals and drumhead surface state

The TDSM and WSM show point like or zero dimensional accidental band crossing point protected
by symmetries. Recently, a new type of topological semimetal namely nodal line/loop semimetal
(TNLS) has become the hot topic in condensed matter physics. Unlike the discrete point contact in
momentum space of TDSM or WSM , this class of materials contain Dirac or Weyl like crossing
in a line or loop (1D) (see Fig. 1.9)[57]. Here SOC plays a crucial role along with the symmetry
protection from T or P, mirror or reflection, and/or nonsymmorphic symmetry [57, 58]. In a nodal
loop semimetal a unique type of 2D surface state known as the drumhead surface state arise later
recognized as the characteristics phenomena of TNLS (see Fig. 1.10) [57]. This drumhead surface
state is almost dispersionless and analogous to the acoustic vibration of a drum. If the surface state
are in the close approximation of the Fermi level it can offer a large topological density of state
which particularly important for the application of topological materials as well as for measuring
transport signal of topological materials. My work mostly focuses on the TNLS semimetal and the
most results of this thesis will be based on my work on TNLS.
There are three major theoretical formalism for the TNLS depending on the which symmetry protecting it. First, using the combination of time reversal and inversion symmetry which is known as
the simplest form of TNLS but it is very hard to find them experimentally as SOC easily gapped
them out and lead to a topological phase transition. Second, apply a mirror symmtry along the
band crossing point which can ensure the band degeneracy. Third, introduction of nonsymmorphic
symmetry which is a combination of half translation and mirror symmetry or rotational symmetry.
A details of the theoretical aspect of TNLS can be found in Ref. [57]. However, for the simplicity
of discussion we mainly discuss them based on the nature of the fermion constituting the nodal
line which are: (i) Dirac nodal line semimetal, and (ii) Weyl nodal line semimetal.
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(i) Dirac nodal line/loop semimetal (DNLS): In this type of TNLS both T- and P-symmetry protect the band crossing point and hence the crossing points are four fold degenerate (see Fig. 1.9a).
Having negligible SOC is one of the main criteria for DNLS as SOC can open a gap. SrAs3 is an
example of this type of TNLS which will be discussed in details in chapter 6.
(ii) Weyl nodal line/loop semimetal: This type of TNLS lack either T- or P-symmetry and as a
consequence the band crossing points are doubly degenerate. Therefore, having a additional crystalline symmetry is necessary to protect the line nodes against the SOC (see Fig. 1.9b). As real
materials always have SOC (with different strength), it is a matter of great interest in recent years
to materials which are robust against SOC.
From Ref. [57], the Hamiltonian of the Dirac or Weyl Nodal line semimetal can be written as
the combination of unperturbed Dirac Hamiltonian and the a perturbation term from the respective
symmetry. For T-symmetry breaking:

H1 = HD + u.b + v.b’

(1.17)

And for P-symmetry breaking the perturbed Hamiltonian is

H2 = HD + w.p + λ

(1.18)

Here, b, b’ and p are the set of Pauli matrices and  is a scalar quantity. One important point is that,
so far the observation of topological surface state such as edge state in TI, Fermi arc in WSM has
been considered as the smoking gun evidence of nontrivial nature of the electronic band structure.
But many of the TNLS do not contain any surface state specially line node TNLS. This is because
the presence of such surface state in TNLS depend on the presence of unbroken symmetry group
from bulk to edge which is rare in real material [59].
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1.5 Inspiration for discovering new topological quantum materials

Now after knowing the details of basics of the topological insulators and topological semimetals,
we discuss our inspiration to discover new topological quantum materials which will add some
building blocks to the understanding of exotic properties of topological physics.
(i) As discussed above the topological nodal semimetals are not robust against the SOC interaction.
However there are many topological nodal line semimetal has been experimentally observed to
date. These TNLS materials consider two picture, (1) look for the materials which have mirror or
nonsymmorphic symmetry to make the stable nodal line against the SOC by confining the band
degeneracy, and (ii) look for the material which have weaker SOC and T-symmetry can protect
the nodal line with spatial symmetry. The first experimental discovery of the topological nodal
line semimetal state is in ZrSiS by ARPES [64] which fall in the former category. Inspired by
this discovery, we ask the question can nonsymmorphic symmetry always ensure the protection of
nodal phase? It is well known that heavier elements offer stronger SOC interaction. Therefore, in
ZrSiS-family of materials, we suggest to tune the SOC by changing the chalcogenide components
while keeping others unchanged. In chapter 3 we will systematically discuss the effect of SOC on
the TNLS phase protected by non-symmorphic symmetry. Furthermore, presence of Si-square net
in the ZrSiS-family of materials offers another exciting physics to be studied. In 2015 Young and
Kane proposed that such a system can host 2D Dirac fermion [60]. However, the surface Dirac-like
state at the X point of the BZ of ZrSiS [89, 64] were found to be gapped, hence do to completely
satisfy the prediction. Inspired from this novel physics, can we find a naturally tuned material
which can harbor this 2D Dirac semimallic phase? In chapter 4 we discuss our experimental to
find the fisrt quantum materials with 2D Dirac surface band.
(ii) The magnetic topological semimetal is the matter of great interest today due to their imense
potential to discover new physics. However, finding a magnetic topological semimetal with clean
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band structure (without nearby unwanted trivial band) is of graet challenge. As magnetic topological materials are hard to cleave, most of them have low transition temperature and metal consists
many band which usually cross the Fermi level; most of the discovered topological semimetals are
nonmagnetic. Our idea is to find a materials from ZrSiS-family of materials with magnetic background and have high enough magnetic transition temperature so that it can be access ed by most
spectroscopic technology. We identify that Gadolinium (Gd) based 111 system with similar crystal structure can have high enough transition temperature and with the knowledge of clean TNLS
phase this can have tremendous advancement in studying the interaction between magnetism and
topology. In chapter 5 we discuss the first experimental observation of topologically protected
magnetic nodal semimetal.
(iii) The discovery of nodal line semimetal attracted much interest in the TNLS research. However,
the smoking gun signature of TNLS, the drumhead surface stae, is still elusive. As ZrSiS-family
do not offer such surface state and only known experimentally confirmed nodal loop semimetal
PbTaSe2 [61] which reported to have drumhead surface state do not offer a clean surface state.
This is because the surface state is masked by the presence of other trivial bulk and surface states.
This makes its particularly difficult to engineer and study the physics of drumhead surface state. In
our attempt to find a TNLS with minimal symmetry protection as presence of multiple symmetry
makes it more complex to define the nodal phase, we plan to find a quantum material which can
clearly show drumhead surface state without the presence of any bulk band near the Fermi level.
The results are discussed in chapter 6.
(iv) As discussed above different topological phase has complex symmetry protection. Therefore
we raise the question, can we have a materials which can host multiple topological phase in a single
material. The answer is, Yes. If we have a material we multiple topologically protected band at
different momentum position. This is much needed question to answer as it can help physicist to
know the interaction between various topological phase. In chapter 7 we will discuss our discovery
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on the observation of distinct multi fermionic states in a single metal.
(v) One of the most intriguing property of topological materials is the observation of large positive
longitudinal magnetoresistance (XMR) as well as negative MR. However, the origin of XMR long
baffled the scientists. There are two most accepted theory on this aspect, (a) the compensation of
electron-hole pair, and (b) the suppressed back scattering phenomena of topological materials. In
chapter 8 we discuss our systematic results on a topological semimetal by ARPES, first principles
and magnetic transport properties measurements to provide an answer on the origin of XMR in
topological semimetals.
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Figure 1.2: (a) Semiclassical picture of edge current. (b) Schematics of edge current on the band
dispersion.

Figure 1.3: (a) Illustration of quantum spin Hall effect. (b) Dispersion relation for QSHE.
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Figure 1.4:
insulator.

Band dispersion of (a) atomic insulator, (b) normal insulator, and (c) topological

Figure 1.5:
schematics.

(a) The trivial band gap. (b) Gap closes at a critical point. (c) Band inversion
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Figure 1.6: (a) Weak topological insulator (ν = 0). (b) Strong topological insulator (ν = 1).

Figure 1.7: (a) Massless and massive topological Dirac semimetal. (b) Effect of SOC in a normal
semimetal.
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Figure 1.8: (a) Weyl semimetal and Fermi surface arc. (b) Type-I Weyl semimetal. (c) Type-II
Weyl semimetal.

Figure 1.9: (a) Extended band touching along 1D curves in k space. (b) SOC split the bands where
extra symmetry can protect the band touching. (c) Nodal loop phase. (d) Nodal line phase. Where
array of nodal cone touch along the yellow dashed line and form the nodal line.
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Figure 1.10: Schematics of surface states of the Dirac, Weyl and Nodal-loop semimetal.
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CHAPTER 2: EXPERIMENTAL TECHNIQUES

2.1 Angle-resolved photoemission spectroscopy (ARPES)

The angle-resolved photoemission technique (ARPES) is the most direct method to study the electronic band structure which enables us to extract both energy and momentum information of electrons in crystal. This provides the opportunity to make one to one comparison between firstprinciples calculations and experimental observations. Like the other photoemission techniques,
ARPES uses the well known photoelectric process i.e. a known incident photon energy shines the
crystal and creates photoelectron coming out from the crystal surface [62, 63]. In other word, it is a
photon in, electron out process. The emitted photoelectron will then be collected by hemispherical
electron analyzer and we can back calculated from emitted angle to momentum and energy from
the work function and incident energy. ARPES is a very surface sensitive technique with a usual
photon energy source ranging from 10 to 120 eV at various synchrotron facilities. For studying
topological materials, identifying surface state and knowing the origin of the band (bulk or surface) is of outmost important to figure out the topological invariants. Over the last decade, ARPES
has played a pivotal role in the study of topological materials. For instance, discovery of Weyl
fermion, Fermi arcs, chiral fermion, surface state in topological insulator is became possible due
to the effective determination of the electronic structure via ARPES [48, 64, 65]. Hence, it has
become the technique of choice among the condensed matter research community.
Most of the experimental results of my thesis are collected using ARPES. Along with our in-home
system at the University of Central Florida, I have used synchrotron facilities across the world such
as beamline 4.0.3, 7.0.2, 10.0.1 from Advance light source (ALS) at Lawrence Berkeley National
Laboratory, Beamline 5-4 at Stanford Synchrotron Radiation Source, HRPES end-station at Swiss
Light Source, etc.
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2.1.1 Photoemission process

The density of single particle spectral function is studied to unveil the electronic structure by
ARPES. The driving principle behind this noble technique is well known photoemission process.
When a monochromatic light or photon source with initial energy Ei falls on a sample surface, the
photon energy can be absorbed by an electron. This leads the electron into exited state and forces
the electrons to occupy a higher energy state or in other word drive it into a unoccupied state.
If the driving photon has more energy than the work function (φ), then it can leave the sample
surface and emit as a photoelectron with kinetic energy Ek . This phenomenon is known as the
photoelectron process and was first observed by Heinrich Hertz in 1887 well before the discovery
of electron itself [66]. However, Hertz and his assistant Phillip Leonard work on cathode ray could
not be explained by classical explanation by Maxwell present at that time. Later A. Einstein came
to the scenario with his famous explanation where he pictured light as charge quanta (photon) with
discrete amount of energy depending on the light frequency [67]. The famous equation for the
photoelectron reads as follow:
Ek = Ei − φ

(2.1)

Where Ek is the kinetic energy of the emitted electron, Ei = hν is the incident photon energy and φ
is the minimum energy needed to remove the electron from solid. The experimental aspects of the
photoemission spectroscopy can be better understand from the photoemission energetics as shown
in 2.1a. If a core level electron absorbed a known incident photon energy (hν) in a metallic sample
with work function (energy needed just to leave the sample surface or to bring it in the vacuum) φ
and if hν > φ, then electron can physically escape the sample surface. The kinetic energy of the
photoelectrons will be the difference between the incident energy and work function. Therefore,
the binding energy of the measured photoelectron before excitations can be raveled by the following relation:
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Figure 2.1: (a) Energy diagram for photo absorption by electron to become a photoelectron [68].
(b), (c) One step and three step process of photoemission [68].

EB = hν − φ − Ekin

(2.2)

This simple scenario tells us some crucial facts about the photoemission techniques. As the photoelectrons created by the incident photon energy are only coming from the core electron (due to
Fermi-Dirac distribution), there will be a absolute cutoff in the energy-momentum distribution or
dispersion plot. Therefore, ARPES cannot readily uncover the electronic nature above the Fermi
level. Furthermore, due to the inelastic collision before leaving the sample surface can create secondary excited electron and naturally secondary photoelectrons which can rise to a background
noise and particularly can impose difficulty to study the surface originated state.
There are two approach to understand the photoemission kinetics. One is the semiclassical aproach
known as the One step model and other is the quantum mechanical description known as the three
step model. In the one step model, the whole photo excitation to detection is considered as the
one single coherent process [69]. More specifically, the absorption of photon to excitation of the
electron, excited electrons travel to and through the surface to become free electron and the photo
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electron detection by the detector are considered as one single process (see Fig. 2.1)). This is
the most direct and accurate method to describe photoelectron kinematics for the spectroscopy
technique however it is quite complex to work. For ARPES study more simpler model by G. D.
Mahan known as the tree step model is used in general [70]. In this model Mahan, proposed a
three sequential steps from the photo excitation to detection process instead of one single coherent
process as shown in Fig. 2.1b. These steps are:
(i) An electron from core level is first excited to the bulk final state.
(ii) Excited electron travels to the sample surface.
(iii) Transmission trough the surface and escape to vacuum.
(i) Step one: The photoemission coming from the optical excitation of electrons. The population
of electrons in the unoccupied site by the absorption of photon energy, can be described by the
E

E

Fermi golden rule. If Ψi N is the ground state and Ψi N is the final state then,

ωif =

E
2π D N
| Ψi |Hint | Ψi N |2 δ(Ei N − Ef N − hν)
h̄

(2.3)

where
D

Ψi N |Hint | Ψi N

E

(2.4)

is the transition Probability and Hint is the interaction Hamiltonian which treated as the dipole
vector,
Hint = −

e
A.P
mc

(2.5)

Here A is the is the electromagnetic vector potential and P is the momentum vector.

(ii) Step two: Electrons travel to the surface which is directly dependent on the mean free path
of the crystal. If electrons collide in-elastically during the travel its creates a secondary excited
electron. The mean free path of the crystals is usually in the few Å order. For ARPES study a

30

photon energy range of 20-120 eV is used which corresponds to the few Å which can be seen from
universal mean free path curve [71]. This makes ARPES as a very surface sensitive technique.
This also demands for the fresh surface with highest quality and ultra high vacuum environment to
obtain best ARPES intensity.

(iii) Step three: To escape into the vacuum from crystal surface, electron requires enough energy higher than the work function. Specifically, perpendicular component of the momentum must
be larger than the work function to reach at the detector. Therefore, exciting photon energy below
approximately 5 eV can not be used for photo-electron study.
Although three step model is good for describing ARPES data and the conceptual idea but it has
some issues that need to be addressed. The problem arrives when an electron leaves the system
and after relaxation process it changes to N-1 electron system perturbing the electromagnetic potential A. This problem can be solved by the assumption of sudden approximation process. In
this process, electrons are assume to avoid any collision between photo-excitation and leave the
system which left behind. Therefore, the final state can be written as the product of photo electron
wavefunction and the wavefunction of (N-1) electron system.

Ψf N = Aφf k Ψf N −1

(2.6)

Here A is the antisymmetric operator. Then the transition probability can be written as

ωif =

ED
E
2π D k
| φf Hint φi k Ψm N −1 Ψi N −1 |2 δ(Ef N − Ei N − hν)
h̄

(2.7)

Where Ψm N −1 is the wavefunction of m excited state assung that the (N-1) electros has m excited
states. For sudden approximation the initial and final states of the system are equal Ψm N −1 =
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Figure 2.2: (a) Schematic ARPES experimental setup. (b) Schematics of electron analyzer. Figure
adopted from Ref. [72]

Ψi N −1 and the transition probability can be written as
E

D

ωif ∝ | φf k Hint φi k |2

(2.8)

2.1.2 Experimental background of ARPES

After the electrons leave sample surface, they will be collected by the electron analyzer which provides the information of kinetic energy and two emission angles θ and φ which are corresponds to
Z and Y axis, respectively as shown in Figure 2.2a. From the measured kinetic energy information
we can easily derive the momentum from the relation P = h̄k. During the photoemission process
only the parallel momentum components are conserved. Hence from the conservation of energy
rule the parallel components can be written as:

kx =

1q
2mEkin sinθcosφ
h̄
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(2.9)

1q
ky =
2mEkin sinθsinφ
h̄

(2.10)

For the perpendicular component we need to consider the real potential which is the addition of
kinetic energy and the surface potential experienced by the electrons while escaping the sample
surface. This refers as the inner potential V0 and the final energy is,

Ef = Ekin + V0

Therefore, using the relation

h̄k⊥ 2
2m

(2.11)

= V0 , the perpendicular components can be written as:

k⊥ =

1q
2m(Ekin cos2 φ + V0 )
h̄

(2.12)

The value of V0 is determined experimentally by measuring the periodicity of the energy dispersion
over a wide BZ along the perpendicular momentum direction. The value usually vary between
8-11. The measured ARPES intensity (I(k, ω)) is the sum of all interacting states and can be
described by the following simplified form:

I(k, ω) = A(k, ω)f (ω)I0 (k, ω, A)

(2.13)

where A(k,ω) is the single particle spectral function, f(ω) is the Fermi-Dirac distribution function
and I0 is the magnitude of matrix element effect. However, to deal with the ARPES intensity one
need to consider the many body problem. To do so Green function is used in general [73, 74].
Green function can give us the probability amplitude of a system to remain in the same state after
adding an electron. In the case for ARPES intensity Green function can be written as,
D

G± (k, ω) =

X
m

E

±1 ±
| ΨN
ck ΨN
|2
m
i
N ± 1 + E N ± iη
ω − Em
i
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(2.14)

Where ck ± are the creation and annihilation operators, ω and k are the energy and momentum
of the initial state and η is a positive small number. The total spectral function of a interaction
between a electron and photon can be written as,
1
A(k, ω) = − ImG(k, ω)
π

(2.15)

Therefore, in this case Green function can be written as,

G(k, ω) =

where

P

1
P
ω − κ − (k, ω)

(2.16)

(k,ω) is the self energy of the system which defines the electron-electron interaction and

can be broken into real and imaginary parts, and κ is the band energy. Therefore, only considering
the imaginary part of the Green function, the spectral becomes,
00
(k, ω)
1
A(k, ω) = −
P
P0
π [ω − κ − (k, ω)]2 + [ 00 (k, ω)]

P

(2.17)

Here the self energy information can be extracted from the experiments by measuring the width of
the constant energy line.

2.1.3 Light source and analyzer

As discussed earlier, to produce photo-electrons the incident photon energy must have energy
higher than the work function. In real materials which is around 4.5 eV. Therefore, the lowest
energy for ARPES measurements is usually used around 5 eV. Furthermore, above 1 keV the
measured BZ almost become like a points hence hampering the angle-resolved data extraction for
detailed study of the bands, thereby setting a upper limits for incident energy. In general, for the
best energy and momentum resolution, researcher use light source with 5-150 eV.
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For our study, we have used three different light sources. They are Helium lamp, Laser and synchrotron based light sources. In our in-house ARPES setup, our system is equipped with a Helium
lamp from Scienta Omicron. It can provide two different photon energy line: one is on He Iα at
21.2 eV and another one is on He IIα at 40.8 eV. The energy of output He lamp can be controlled
by the He gas pressure on the plasma creation chamber of the lamp. Above 2.2× 10−2 mbar it provides 21.2 eV and below 2.2× 10−2 to up around 1.8× 10−2 it provides 40.8 eV. However, below
1.8× 10−5 is the forbidden region and no coherent photon source can be achieved. Our setup is
further equipped with a laser source (see Fig. 2.3). We use an turn-key Yb:KGW commercial amplifier which emits 280 fs pulses. The average power is 20 W and the central wavelength 1025 nm
with the option to change the repetition rate from 50 to 200 kHz. We use a BBO crystal to generate
second harmonic and feed it to the high harmonic generation chamber. To generate high harmonic,
we use Krypton gas chamber and the second harnomic pass through a rectangular capillary tube
mounted on a three axis manipulator in order to align the beam path. By using silicon coating on
the toroidal mirror, we can select the 9th harmonic only to pass into the main chamber and which
provides a photon energy of around 21.8 eV. This is known as the pump path for our pump-probe
set-up which. Although this table top setup has several benefits such as high resolution, however, it
also have some drawbacks. The flux is often very low and the beam spot is larger most importantly
the relatively poor monochromaticity of photon source tends to create higher background noise.
One other major drawback is the fixed photon energy which is particularly important to identify
the bulk vs surface origin of the electronic bands.

All the above mentioned shortcomings are nicely overcomed by the more sophisticated and complex light source known as the synchrotron facility. This is known to be the most purest light source
to date which can provide energy resolution close to 5 meV and momentum resolutions lower than
0.2◦ . Recently there are some synchrotron facility which claim to provide 1 meV energy resolution
a mK temperature.
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Figure 2.3: Schematics of our Tr-ARPES setup.

For our study, we mainly used three synchrotron facilities offering multiple end-stations. They
are Advanced Light source at Lawrence Berkeley National laboratory (beamline 4.0.3, 10.0.1,
7.0.2), Stanford Synchrotron Radiation Source (beamline 5-2, 5-4), and Swiss Light Source (SISHRPES). They can provide high photons per pulse ∼1013 and the energy range from 20 eV to
several keV. There are several advantage of synchrotron light source over table-top sources namely
(i) tunable wide energy range which is important to cover multiple BZ and determining origin of
the bands (ii) Polarized (linear and circular) which is important to study orbital characteristics (iii)
High brightness and high monochromaticity which are responsible for better energy resolution,
etc. The principle of sychrotron radiation is simple to understand. Any moving charge particle in
magnetic field gains acceleration and radiates. If the particles have relativistic velocity then the
radiation occur tangentially to the particle trajectory making the beam highly coherent. Furthermore, a linear grating is used to make the bean monochromatic. This radiation cover a wide range
of energy ranging from visible light to X-ray emission.
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Figure 2.4: Operating principle of a hemispherical electron analyzer.

The electron analyzer: For collecting photo electrons emitted from the sample surface we use
hemispherical electron analyzer. The main working principle is to create an hemispherical field
which controlled by the applied voltage. This applied voltage drive the charge particle in a circular
path. If the energy of photo electrons are higher (lower) than the applied fields steering capacity
to bend its trajectory within the hollow of inner and outer shell of the analyzer (see Fig. 2.4) then
the photo electrons crash on the outer (inner) shell. If the energy is within the range of this particularly allowed energy window it will be collected by the detector.The angular degree of freedom
determine the position of (x,y) plane of the detector. Therefore, we can have the information of
both energy and angle (i.e. momentum) in two-dimension plane. The detector consists of a microchannel plate (MCP), which uses a cascade effect to amplify the signal associated with a single
electron impact. Then photo electrons hit the phosphor screen which converts electron charge into
a light pulse, which are then recorded by an ordinary charge-coupled device (CCD) camera.
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CHAPTER 3: TUNIBILITY OF TOPOLOGICAL NODAL-LINE
SEMIMETAL PHASE IN ZRSIS-FAMILY

A topological nodal-line/loop semimetal (TNLS) is a semimetallic state, which can host either
a Dirac or Weyl fermions in their electronic structure. Depending on the origin and structure,
it can also host two-dimensional (2D) surface state along with the bulk topological phase. The
novel electronic structure of the TNLS offers a unique opportunity to study the analogous of elementary particle physics of Dirac and Weyl fermions in condensed matter system as well as
provides novel transport phenomena and rich topological platforms to study beyond topological
insulators (TIs). Here, we discuss our work on the discovery of TNLS in ZrSiS and the effect
of spin-orbit coupling (SOC) on the TNLS phase. Our work opened the field of TNLS and extended its opportunity to study the rich properties fo topological semimetals in condensed matter
physics. This chapter is based on our work published in Phys. Rev. B 95, 161101(R) (2018)
(https://doi.org/10.1103/PhysRevB.95.161101) [96].

3.1 Introduction

The topological nodal line/loop has unique benefit over the other known TI, Dirac and Weyl
semimetals. In contrast to the point touching in momentum space in aforementioned topological
materials, the TNLS offers a one-dimensional (1D) array of touching point. This unique property
make them more suitable for real life device applications among the known toplogical semimetals. Topological nodal-loop semimetals also provide connecting arcs between the nodal points
and together they form a drumhead surface states. On top of that, the TNLS could support both
the Dirac and the Weyl fermionic state and a application of magnetic field, polarized light and
others means of perturbation can easily offer a topological phase transition from TNL to Dirac
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of Weyl semimetal phase. This opens up a tremendous research opportunities not only to study
fundamental topological properties of materials but also the study of transient Dirac, Weyl state,
Floquet state, large and nonsaturating magnetoresistance, Fermi surface arc, drumhead surface
state [2, 48, 64, 75]. Although, it was theoretically predicted long before [57], however, an experimental observation of TNLS had not been reported until recently. In 2016, our work first report
the experimental discovery of TNLS in ZrSiS [64].
As discussed earlier, a TNLS requires additional symmetry along with the either time-reversal or
inversion symmetry. ZrSiS is a non-magnetic and it consists multiple mirror symmetries with space
group P4/nmm. This tells us that ZrSiS meets the required condition for hosting TNLS phase. We
used ARPES measurements and first-principles calculations to experimentally proof the existence
of TNLS phase in this material. Utilizing ARPES, we show that it consists spinless Dirac nodalline state along the M-Γ-M directions of the Brillouin zone (BZ). One important point to note that,
along with the TNLS phase, we also observe an additional Dirac-like surface state. In order to
explain the origin of such surface state, we conclude that the Si-square net of the ZrSiS crystal as
the potential candidate. Our work open an world wide research interest in TNLS and an pool of
work has been reported to date [76, 77, 78, 79, 80].
After the discovery of TNLS in ZrSiS, we motivated to discover the effect of SOC on TNLS phase.
Due to several advantages as explained below, we choose ZrSiS-family to study this phenomenon.
First, ZrSiS consist a clean nodal-line phase with no interaction from unwanted bulk bands. This is
particularly important for studying nodal line and for extracting clean transport signal from topological electronic properties. Second, the energy window of 2 eV for the linearly dispersive band
is among the most wide energy range known as of today. Third, the single layer of ZrSiS could
host the long-sought 2D TI electronic structure [60]. Fourth, the TNLS phase in ZrSiS is discovered by neglecting the SOC. This is a very well known trend among the experimental physicist for
discovering TNLS phase [61, 81, 82]. Therefore, by changing the chalcogenide compound S to
the higher atomic number counterpart Se and Te, one can tune the SOC strength from weaker to
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stronger.
Here, we report the tunability of TNLS phase in ZrSiX-system where X = S, Se, and Te. Utilizing
the combination of ARPES, first-principles calculations and magnetotransport study, we systematically reveal the effect of SOC on the TNLS phase. Our ARPES and first-principles study shows
that the nodal line gapped out and evolve into a trivial state when move from ZrSiS to ZrSiTe. At
the same time the Dirac-like surface state at the corner of the BZ show slowly gap closing behavior
however it does not close completely. Our magnetotransport studies further support by showing
an identical transition in ZrSiS/Se like the previously reported topological semimetal but ZrSiTe
shows a clear trivial semimetallic nature.

3.2 Crystal structure and sample characterization

ZrSiS, ZrSiSe and ZrSiTe are all semimetallic materials and crystallizes in a PbFCl-type crystal
structure with space group P4/nmm (#129) [83]. They are layered materials with chalcogenide
(S/Se/Te)-layer separated by two neighboring Zr-layers. The Zr-X layers are appear as sandwiched
between Si square net (see 3.1a). They naturally cleave along the plane between two neighboring
Zr-Se or Zr-Te terminal as the bond between Zr-X is relatively weak. Furthermore, As the caxis is larger and Zr-S/Se/Te layer is easy axis its usually cleave along the (001) plane. All three
components are non magnetic in ambient conditions. One can easily see that a half translation
of one of two layers of S/Se/Te, would create a mirror image in the order of S/Se/Te-Zr-Si (see
3.1a). Next, we perform core level measurements of ZrSiSe and ZrSiTe as shown in 3.1b. The
red curve shows the spectroscopic core level measurement of ZrSiSe and blue curve represents
the core level measurement of ZrSiTe. Multiple sharp peaks are observed with Zr 4p around 27
eV for both materials, Te 4d5/2 (∼ 40.7 eV), Te 4d3/2 (∼ 42 eV) of ZrSiTe, Se 3d (∼ 55 eV) of
ZrSiSe. This indicate the right compositions of the materials and qualitatively tells that the samples
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used for our measurements are of good quality. 3.1c and 3.1d display the temperature variations
of the electrical resistivity of single-crystalline ZrSiSe and ZrSiTe, respectively, measured with
electrical current flowing within the basal plane of their tetragonal unit cells (i ⊥ c-axis). Without
application of magnetic field, both compounds exhibit metallic conductivity. The ratio of the roomtemperature resistivity to the residual resistivity (RRR) of 0.3 µΩcm observed at 2 K was about
160, proving excellent quality of the single crystal for ZrSiSe. On contrary, ZrSiTe shows relatively
low RRR. The plausible explanation for the low residual resistivity of ZrSiTe could be either due to
some disorder in crystals or some oxidation of the surface of the measured specimen that resulted
in worse electrical contacts. Next, with 9 T applied magnetic field, the electrical resistivity of
ZrSiSe shows an upturn and eventually saturates in a manner which agree with the previously
reported topologically nontrivial semimetals, like WTe2 [84, 85], LaSb [195], TaAs2 [87]. Such
characteristic upturn in ρ(T) followed by a plateau at low temperatures can be explained as the
magnetic-field-driven changes in charge carrier densities and mobilities for nearly perfect electronhole compensated semimetals [88]. This can also be attributed as the magnetic field driven metal
to insulator transition [84]. In ZrSiSe magnetoresistance at 2 K and 9 T applied field reaches a
giant value of about 48,000%. It systematically decreases down to only 13% as the temperature
increases to 300 K. In contrast to the ZrSiSe, ZrSiTe exhibits relatively ordinary magnetotransport
(MR), with 9 T applied field MR is only 26% at 2 K and 3% at 300 K. This indicates the possible
considerable change in their electronic structure.
3.1e and 3.1f show calculated band structure of ZrSiSe and ZrSiTe, respectively, along the various
high symmetry directions including the spin-orbit effect. For ZrSiSe, A negligible gap is found at
the M-Γ-M direction, however, a large gap of around 60 meV is observed for ZrSiTe. Furthermore,
compared to the previously reported band calculation of ZrSiS [64, 89], bands are shifted towards
and away from the Fermi level at various high symmetry points. High symmetry points are noted
in the figure.
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3.3 Observation of TNLS phase is ZrSiSe

Now, we discuss the details electronic structure of ZrSiSe which is presented in 3.2. The ARPES
measured Fermi surface using a photon energy 90 eV and at a temperature of 18 K is shown in
3.2a. Similar to the ZrSiS [64, 89], we observe a diamond shape Fermi surface around the Γ points,
ellipsoidal shape Fermi surface at the M point and a small circular electron pocket at the X points of
the BZ. Our calculated Fermi surface shows well agreement with the experimental observation (see
3.2b). The nice agreement between the Fermi surface map and magnetotransport data of ZrSiS and
ZrSiSe suggests potential similar electronic structure of them. In order to confirm our speculations,
we have performed photon energy dependent dispersion maps along the nodal line direction and
expected surface state at the X point of the BZ. First, 3.2c and 3.2d show the experimentally
measured (using 65 eV incident photon energy) and calculated dispersion map along the X-X
direction. Experimentally we observed that the Dirac point is located nearly 400 meV below the
Fermi level. The origin of this Dirac-like state is due to the square Si net and protected by nonsymorphic symmetry. Important to note here that, the Dirac point moves much lower in energy
compare to that of the ZrSiS (∼250 meV), while the gap size is slightly reduced. Our calculated
bands along the M-X-M direction also agree with the observation. The possible explanation could
be the combination of higher SOC and the presence of electron rich environment in ZrSiSe in
compare ZrSiS as Se atom posses higher atomic number than the S atom. The slightly bright dot
near the Dirac point is due to the matrix element effect. Next, we focus on the dispersion map
along the nodal line and the photon energy dependent ARPES dispersion along the high symmetry
M-Γ-M direction is shown in 3.2(f). The photon energies are indicated in the plots. These states
are originated from the nodal-line state and form the diamond shape Fermi surface which show
excellent agreement with our calculation (see 3.2f). The nodal-line points are not visible along
this direction (M-Γ-M) as ARPES can only probe occupied states. However, our recent study
using pump-probe setup show the band crossing above the Fermi level in ZrSiS-family [90]. The
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linearly dispersive band energy range is higher than 1 eV below the FL which is also comparable
with the ZrSiS.

3.4 Observation of quantum phase transition in ZrSiTe

In this section we discuss the detailed electronic structure of the ZrSiTe. 3.3a represents the experimental Fermi surface map of ZrSiTe using a photon energy of 80 eV and a temperature around
18 K. Although, the overall feature of the Fermi surface of ZiSiTe is in agreement with that of
ZrSiS and ZrSiSe, some additional small pockets are observed along the M-Γ-M directions of the
BZ. This indicates the presence of an addition electron-like band crossing the Fermi level as it
goes away while move towards the higher binding energy. Experimental Fermi surface is in agreement with the calculated Fermi surface as shown in the 3.3b. The measured dispersion along the
X-X and M-X-M directions are presented in 3.3c and 3.3d, respectively. Interestingly, the Dirac
point is observed around 300 meV below the Fermi level on both plots, whereas that for ZrSiTe is
about 300 meV. Calculated bands along the M-X-M direction are shown in 3.3e and shows excelent agreement with the experimental observations. Now, we present the measured photon energy
dependent dispersion maps along the nodal line (M-Γ-M) direction. Photon energy dependent
dispersion maps along this direction is shown in 3.3f. Experimentally measured dispersion maps
agrees well with the calculated band dispersion along the M-Γ-M direction as shown in 3.3g. Most
important point to note here, is the nodal point above the Fermi level shows a definite gap. Along
with the trivial magnetoresistance data and the theoretically predicted gap opening feature at the
expected nodal point, we conclude ZrSiTe as the trivial semimetal. Therefore, a topological phase
transition takes place when SOC strength is larger.
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3.5 Discussion

We now discuss some of our important observations and the tunability nature of the nodal-line via
SOC effect. Our systematic studies show that, all three compounds of ZrSiX-system (where X
= S, Se, Te) share the overall similar electronic structures. However, while moving to the higher
atomic number of the chalcogen (ZrSiSe → ZrSiTe), small hole-like pockets along the M-Γ-M
direction appear in the Fermi surface map of ZrSiTe. We speculate that such electron pocket
could potentially be 2D in nature. Similar 2D state in ZrSiTe is also reported previously [89].
Our calculations show negligible gap along the nodal line direction (M-Γ-M) of the BZ for both
ZrSiS and ZrSiSe, however, about 60 meV gap is predicted in ZrSiTe. The predicted gap however
is inaccessible by normal ARPES measurements because the native Fermi level (FL) is in the
valance band. This could be overcome by several possible way, (i) by electrical or chemical gating
one can tune the nodal point in the vicinity of the Fermi level, (ii) by using pump-probe setup the
state above the Fermi level can be readily accessed. Interestingly, our data show that although the
nodal-point being heavily affected with the chalcogenide components, however, the gap size at the
surface Dirac-like band around the X points along the high symmetry M-X-M direction is fairly
unaffected in all three compounds. Based on the definitions of non-symmorphic symmetry by
Young and Kane, we believe this is due to the non-symmorphic symmetry effect, hence the Dirac
cone state at this point is not much affected by SOC strength. Finally, based on our calculations and
experimental observations, we reveal the effect of SOC on the nodal-line semimetals which could
provide a guideline for future experiments to explain the nodal semimetal. As all real semimetal
possess finite SOC strength, our study will be useful to study the extend of SOC up to which nodal
point can still withstand. In conclusion, our studies show that the ZrSiX material system can be
tune by increasing the atomic number of chalcogen and this system undergoes a topological phase
transition from a nodal-line semimetal to a trivial semimetal.
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3.6 Crystal growth and methods

The single crystals of ZrSiX (X=S/Se/Te) were grown by the vapor transport method as described
elsewhere [83, 91]. The chemical composition of ZrSiX were checked by energy-dispersive X-ray
analysis using a FEI scanning electron microscope equipped with an EDAX Genesis XM4 spectrometer. The results indicated homogeneous single-phase materials with their stoichiometry close
to equiatomic. Using a Kuma-Diffraction KM4 four-circle diffractometer equipped with a CCD
camera using Mo Ka radiation, we performed the single crystal X-ray diffraction (XRD) experiments. Rietveld refinements of the XRD data yielded the tetragonal space group P4/nmm with the
lattice parameters close to those reported in the literature [83]. Electrical resistivity measurements
were carried out within the temperature range 2-300 K and in applied magnetic fields up to 9 T
using a conventional four-point ac technique implemented in a Quantum Design PPMS platform.
The electrical contacts to as-grown crystals were made using a silver epoxy paste. The electrical resistivity of ZrSiSe and ZrSiTe was measured with electrical current flowing within the basal
plane of their tetragonal unit cells. Synchrotron-based ARPES measurements of the electronic
structure were performed at the SIS-HRPES end station of the Swiss Light Source and ALS BL
4.0.1 with Scienta R4000 and R8000 hemispherical electron analyzers. The energy and momentum
resolution ware set to be better than 20 meV and 0.2◦ for these measurements, respectively. The
electronic structure calculations were carried out using the Vienna ab initio simulation package
(VASP) [92], with the generalized gradient approximation (GGA) as the density functional theory
exchange-correlation functional [93, 94]. Projector augmented-wave pseudopotentials [95] were
used with an energy cutoff of 500 eV for the plane-wave basis, which was sufficient to converge
the total energy for a given k-point sampling. In order to simulate surface effects, we used a 1 × 5
× 1 supercell for the (010) surface, with a vacuum thickness larger than 19 Å. The Brillouin zone
integrations were performed on a special k-point mesh generated by a 25 × 25 × 25 and a 25 ×
25 × 3 Γ-centered Monkhorst Pack k-point grid for the bulk and surface calculations, respectively.
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The spin-orbit coupling was included self-consistently in the electronic structure calculations. The
electronic minimization algorithm used for static total-energy calculations was a blocked Davidson
algorithm.

46

Figure 3.1: (a) Tetragonal crystal structure of ZrSiX (X = S, Se, Te). (b) Core level spectroscopic
measurements for ZrSiSe (red curve) and ZrSiTe (blue curve). (c)-(d) Sample picture and temperature dependent resistivity plot with current along ab direction of ZrSiSe and ZrSiTe, respectively.
(e)-(f) Calculated band structure of ZrSiSe and ZrSiTe along various high symmetry directions.
High symmetry points are also indicated in the figure.
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Figure 3.2: (a) Fermi surface mapping at a photon energy of 90 eV. (b) Calculated Fermi surface.
High symmetry points are marked in the figure. (c) Dispersion map along the X-X direction. (d)
Band dispersion obtained from slab calculations along the M-X-M direction. (e) Photon energy
dependent ARPES dispersion along the M-Γ-M direction. The photon energies are also marked in
the figures. (f) Calculated band along the M-Γ-M direction. All the ARPES measurements were
performed at ALS BL 4.0.1 with temperature of 18 K.
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Figure 3.3: (a) Fermi surface mapping at a photon energy of 80 eV. (b) calculated Fermi surface
map. High symmetry points are noted in the plot. (c) Measured dispersion map along the X-X
direction measured with photon energy of 60 eV. (d) Measured dispersion map along the M-X-M
direction. (e) Calculated bands along the M-X-M directions. (f) Photon energy dependent dispersions along the M-Γ-M direction. Photon energies are mentioned in the figures. (g) Calculation
showing the dispersion map along the M-Γ-M high-symmetry direction. Experiments were performed at the SIS-HRPES end station at SLS with temperature of 18 K.
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CHAPTER 4: SYMMORPHIC AND NONSYMMORPHIC SYMMETRY
PROTECTED GAPLESS DIRAC SURFACE STATE IN A NODAL-LINE
SEMIMETAL ZRGETE

The presence of Si-square net in ZrSiS-family of materials (see Chapter 3), opens the possibility
of realizing 2D Dirac fermion in this topological nodal line semimetal materials. However, the
surface state found to be gapped in ZrSiX where X= S/Se/Te [96] and other reported members
of this family [77, 97]. Here, we discuss the observation of gapless surface state protected by
both non-symmorphic and symmorphic symmetry. The result is published in Phys. Rev. B 97,
121103(R) (2018) (https://doi.org/10.1103/PhysRevB.97.121103) [98]. Using ARPES measurements and first-principles calculations, we report the TNLS phase around the center of the BZ
along with the gapless surface state at the X point of the BZ.

4.1 Introduction

Topological Dirac semimetals (TDSs) [42, 99, 43, 100, 101, 40, 102, 103, 104, 105, 112]are characterized by the band touchings between conduction and vanlence bands at certain k-points or in
a 1D lines at the Brillouin zone (BZ) [61, 76, 77, 78, 96]. The negligence of SOC plays a crucial
role in experimental observation of such band touching points and can be lifted by tuning the SOC
strength [78, 96, 107].
Recently, a distinct class of TDS is predicted by the presence of non-symmorphic symmetries [40,
102, 89]. Non-symmorphic materials are characterized by the combination of multiple symmetries
usually a combinations of half translation symmetry and a point group symmetry such as mirror
symmetry or rotational symmetry. This combinations originate forced band degeneracy points
50

at the certain point of the BZ. With the presence of time reversal symmetry, the degeneracy or
Dirac points are pinned to the time reversal invariant momenta of the BZ and do not response with
any non magnetic perturbation including SOC [102]. Although, such non-symmorphic symmetry
protected nodal line semimetal have been observed in ZrSiS-family however the predicted gapless
surface state has not been reported.
The symmorphic symmetry protected topological insulator or topological crystalline insulator
(TCI) is also pivotal for applications purpose. Although, they have been theoretically predicted for
a long time but till now PbSnTe-family is the only known experimentally reported TCI materials
[28]. Importantly, TCI can host multiple band inversion at different non-equivalent time reversal
invariant points (TRIM). Therefore, depending on the cleaving surface multiple non-trivial bands
can project onto the same TRIM or momentum position, offering a unique opportunity to study the
interplay between the variuos topological states [108]. Now, presence of a point group symmtery
or crystalline symmetry such as a rotation or mirror on the particular surface can protect the surface
states and can host the TCI phase. Interestingly, such gapless surface states may exhibit multifold,
anisotropic Weyl-like dispersions that are more complex than the usual strong or weak TI surface
states [108]. So far, little is known about the interplay of TDS and TI phases and whether these
two phases can coexist in the same non-symmorphic material.
In this work,combining both the ARPES measurements and the first-principles calculations, we
report a systematic investigation of ZrGeTe, which is member of the ZrSiS-type material family.
We report ZrGeTe as a new material with multiple gapless Dirac fermionic surface states. Our
experimental and theoretical data show that at the same point of the BZ it host the both TI and TDS
state. For the first time, our work discover that the ZrGete host gapless surface states stem from a
double band inversion that takes place at a single non-equivalent bulk TRIM, due to an inversion
between two non-symmorphic symmetry protected bulk Dirac points. At the surface, the residual
symmorphic part of this symmetry remains and protects the resulting surface states. Our findings
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suggest that ZrGeTe can provide the unique new platform to study the exotic properties arises due
to the coexistence of TDS and TI phases in the same material. This also provide the opportunity to
study the effect of non-symmorphic and symmorphic symmetry protected topological state in one
material.

4.2 Sample characterizations

Single crystals of ZrGeTe were grown using the similar technique used for ZrSiX single crystal. We
use chemical vapor transport method with iodine as the transporting agent [83]. As like the other
member of ZrSiS-family members ZrGeTe crystallizes with space group P 4/nmn (No. 129).In
this case Ge-atoms form the square net and the Zr layers are separated by the Te layers (see Fig.
4.1a). The weak band between Zr-Te provide the easy cleaving axis and crystals cleaves along the
(001) surface. As the ZrGeTe consist a natural glide plane it respect two set of non-symmorphic
symmetry. The ARPES measured core level spectra shows the sharp peaks of Zr 4p and Te 4d at
well known energy position (see Fig. 4.1b). This observation indicates the good sample surface
quality used for our measurements.
In order to check the metallic nature of the ZrGeTe we performed temperature dependent resistivity
properties as shown in Fig. 4.1c. ZrGeTe exhibits clear metallic-like electrical resistivity, where
it shows ZrSiTe like behavior but quite different with the ZrSiS [96]. In the absence of applied
magnetic field and with the current flowing perpendicular to the c-axis or basal plane of the unit
cell the resistivity at room temperature found to be 50 µΩcm. As we move towards the lower
temperature, resistivity decreases smoothly down to a smaller value around only 2 µΩcm at 2 K.
In the presence of 9 T applied filed along the c-axis, the overall character of ρ(T) show a very little
changes, and once again in striking contrast to the behavior observed in ZrSiS and ZrSiSe [112, 96].
At 2 K, the positive magnetoresistance (MR) is about 60% which is twice as large than the MR in
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ZrSiTe [96]. However, it is still few orders of magnitude smaller than in the other Si-based member
of this family [112, 96]. The calculated bulk band structure along the high symmetry directions
is shown in Fig. 4.1d. Here, we observe four Dirac points around the X and R points of the BZ.
The bulk Dirac points are indicated in the plot. The nodal-line lies along the Γ-M high symmetry
direction and the nodal point is slightly above the Fermi level.

4.3 Observation of TNLS phase in ZrGeTe

In order to show that ZrGeTe host topological nodal-line semimetal phase we measured Fermi
surface and constant energy contour plots of ZrGeTe and compare them with the other member of
ZrSiS-type materials. Figure 4.2a (left panel) shows the experimentally measured Fermi surface
using a photon energy of 60 eV. Similar to the ZrSiX (see Fig. 3.2 and Fig. 3.3), we observe
a diamond shaped Fermi surface and circular shaped Fermi pockets at the center (Γ) and corner
(X) point of the BZ, respectively. Since the nodal point situated slightly above the Fermi level
as like the other ZrSiS members, we expect to observe a splitting nature in the diamond-shaped
Fermi pockets at higher binding energy. Moving toward higher binding energies (Fig. 4.2a)from
280 meV (second panel) to 600 meV (right panel) the diamond shaped Fermi surface indeed becomes disconnected resembling an inner diamond within an outer diamond and they are clearly
disconnected along the M-Γ-M high symmetry direction. In oder to confirm our observation we
performed ab-initio calculations on the corresponding binding energies (see Fig. 4.2b). The theoretical Fermi surface and the constant energy contour plots show an excellent agreement with the
experimental data. Therefore, based on the experimental observations, theoretical calculations and
previously reported data [64, 89, 109, 110] in this family of materials, we conclude ZrGeTe consist
topological nodal line semimetal phase in its electronic state. Now, we will focus on the X point of
the BZ. The circular-like pocket at the Fermi surface evolve into a point at around 450 meV below
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the Fermi level which is consistent with our calculations. This indicates the potential location of
the Dirac point expected at the corner point of the BZ and also indicate the electron like nature of
the carrier around the X point. In the next chapter we will discuss the details of the origin of this
Dirac-like state.

4.4 Observation of gapless surface state

Next we focus on the determination of the band nature along the various high symmetry directions.
To do so, we perform photon energy dependent dispersion map around the Γ and X points of the
BZ using changing photon energy. This will help us to identify the origin of electronic bands i.e
surface or bulk origin as well as the gap or gapless properties of the Dirac like band crossing at
the X point. In order to identify the high symmetry points, an expeimentally measured wide Fermi
surface is presented in Fig. 4.3a. The high-symmetry points are noted in the plot. The Fermi
surface measurements were performed at a photon energy of 40 eV and at a temperature of 15 K.
To confirm the presence of nodal-line state, Fig. 4.3b shows dispersion maps along the M-Γ-M
direction at two different photon energies of 60 and 90 eV. Over this wide photon energy both
measurements identify the lower part of the Dirac cone clearly. Our calculated dispersion maps
along this directions agrees nicely with the experimental results (see Fig. 4.3c). Furthermore, it
confirm that the nodal points lies slightly above the Fermi level, hence, it is not possible to observe
in ARPES measurements.
Next, we focus on the most important results of this study. Figure 4.3d shows the photon energy dependent dispersion maps along the high symmtery Γ-X-Γ direction. One can clearly see
the linearly dispersive band with gapless crossing or Dirac point located around the 400 meV below Fermi level. In comparison with the slab calculations shown in Fig. 4.3e, surface and bulk
originated band can be clearly identified. Here, blue and red color represent the surface and bulk
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originated bands, respectively. Therefore, we confirm that the Dirac cone is surface originated.
Specially, the upper V shape of the Dirac cone in the experimental data clearly originates from the
surface state, however in the M shaped states, the bulk states interfere with the surface states. An
important point to notice here is that our calculation predicted the forced gap closing as a result
of the non-symmorphic symmetry protection at the X point along the M-X-M direction which is
consistent with our experimental observations.
In order to more clearly study the Dirac point at the X point, we have performed photon energy
dependent dispersion mapping along the M-X-M direction. Figure 4.3 f and g represent the experimentally measured at different photon energies and theoretically calculated dispersion maps along
the M-X-M high symmetry direction, respectively. once again, gapless Dirac points are observed
to be located at around 400 meV. The gapless nature is further confirmed by the energy distribution curves (EDCs) in Fig. 4.4. Over a wide photon energy dependent measured dispersion maps
around the X point a clear presence of one peak is observed around 400 meV below the Fermi
level. In contrast to the surface Dirac cone the hole-like band observed around 1.3 eV binding
energy clearly changing the shape with the change of photon energy which infers the bulk origin
of this band. We note the presence bright intensity in the vicinity of Dirac point. The possible
reason of such bright intensity would be as follows: our calculated band structure shows the bulk
Dirac crossing is below the Fermi level which is slightly below the surface state crossing (see
DP2 and DP4 in Figure 4.1d). As we discuss further below, this feature is due to the interference
between the near degenerate Weyl states that form the gapless surface states. Here, we observe
that the surface bands at the X point form a two dimensional Dirac-like state, with the Dirac cone
being protected by non-symmorphic symmetry (the X-point has C2 /nu symmetry which has 2
irreducible representations with a least one being two-dimensional).

Furthermore, in accordance with the other member of the ZrSiS-family [110], our calculation
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reveals that ZrGeTe is a Dirac semimetal with bulk Dirac crossings at X and R. Our bulk band
calculations also found two bulk crossing with energy locations at around 83 meV and -200 meV,
respectively (DP1–4 in Fig. 4.1d) where Dirac points are being protected by non-symmorphic
f : {m |1/2 1/2 0}) combined by time-reversal and inversion (P Θ) symmetry
symmetry (M
ẑ
001

[102]. Usually, TDS surface states are expected to manifest as higher dimensional objects, like e.g.
Fermi arcs [77]. In stark contrast to the usual TDS where surface states are expected to show higher
dimensional objects like Fermi arcs [77], the surface states reported here are Dirac-like. Most
importantly, the Diprac points emerge at the X̄ point of the surface BZ of ZrGeTe is at an energy
position that is located between the bulk Dirac crossings. These are the well known properties of
topological insulators. Hence, ZrGeTe host both Dirac like surface state and topological insulator
state in the same materials in same energy locations which will be discussed further below.

4.5 Discussion

In our bulk band calculations of ZrGeTe, there exist a momentum dependent gap through out
the whole BZ which includes the formation of Dirac points 1-4. Furthermore, band forming the
Dirac points 3 and 4 at the R point are inverted leading to a double band inversion at the same
momentum location. Since each band inversion corresponds to a set of weak topological indices
(ν0 ; ν1 ν2 ν3 )=(0; 1 1 0), there will be two set of gapless Dirac states at the equivalent X̄ points of
the (001) surface. Naturally, overall parity change will be non-zero as two changes of sign at the
same location will cancel out the any change at all. Therefore, overall Z2 indices will vanish unless
it is protected by an additional symmetry which can protect the surface state. This phenomenon is
well known criteria for topological crystalline insulator (TCI) phase [28, 108].
In ZrGeTe, our analysis ensure that a different eigenvalue of the the non symmorphic symmetry
operator involved corresponds to the each band inversion which protects the bulk DPs. For (001)
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f = P C , with C , if P is broken then M
f is broken as well, but C remains
surface when M
ẑ
2ẑ
2ẑ
ẑ
2ẑ

intact. Importantly, C2ẑ is a crystalline symmetry which protect the gapless surface state in ZrGeTe
and fullfill the criteria of hosting a TCI phase. Considering all the remaining symmetries for (001)
surface in k · p model near X̄, ZrGeTe is the typical example of TCIs [108], which lead to a pair
of Weyl-like surface states at the X̄ point. Furthermore, our ab-initio slab calculations shows band
along Γ̄ − X̄ and M̄ − X̄ disperse linearly (Fig. 4.3e) and quadratically (Fig. 4.3g), respectively,
which is consistent with the scenario. The expected surface mass term for ZrGeTe is small thus
the two surface states are near degenerate which leads to the rise of bright spot in our ARPES data
around the Dirac point. As the both cossing point of Dirac-like state and bulk band gap of TCI
state at the same energy position and overlap in same momentum position for (001) surface.
Above discussion discover ZrGeTe as the first topological material where TDS and TCI phases
coexist under the protection of space-group symmetry. None of the previously reported member
of ZrSiS-family has been reported to show such rich properties which can be seen from Fig. 4.5.
Except ZrGeTe all other are gapped out at the X point. The different atomic size of Ge in contrast
to Si and/or enhanced spin-orbit coupling that may allow for band inversions to occur in ZrGeTe
but not in other member of this family. In this respect, ZrGeTe appears as a rare example of a
naturally fine-tuned system so that it can exhibit such rich phenomenology.
In conclusion, we performed systematic investigations of the ZrGeTe system. Our experimental
ARPES data and ab initio calculations reveal the existence of two-fold symmetry protected Diraclike gapless surface states. Moreover, our calculations reveal the presence of a nodal-line state
along the M-Γ-M direction. Our study thus highlights the existence of topological Dirac semimetal
and topological insulator states in a single material, and opens up new prospects for studying the
as yet unexplored interplay of these exotic quantum states.
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4.6 Methods

Crystal growth and transport characterization.
Single crystals of ZrGeTe were grown by chemical vapor transport method using iodine as transporting agent. The crystals had a form of massive platelets with dimensions up to 10 × 5 × 3
mm3 . They were stable against air and moisture. The chemical composition was proven by energydispersive X-ray analysis using a FEI scanning electron microscope equipped with an EDAX Genesis XM4 spectrometer. The crystals were found to be single-phased and homogeneous with the
desired equiatomic stoichiometry.
The crystal structure was examined at room temperature on a Kuma-Diffraction KM4 four-circle
X-ray diffractometer equipped with a CCD camera using Mo Kα radiation. The experiment confirmed the tetragonal ZrSiS-type structure (space group (SG) No. 129, P 4/nmm) and yielded the
lattice parameters: a = 3.867(8) Å and c = 8.579(6) Å (see an example in Fig. 1c). Electrical
resistivity measurements were carried out in the temperature range 2 − 300 K employing a conventional four-point ac technique implemented in a Quantum Design PPMS platform. The electrical
contacts were made using silver epoxy paste. The electrical resistivity was measured with electrical current flowing within the tetragonal a − b plane in zero magnetic field and in an external
magnetic field of 9 T applied along the c-axis.

ARPES measurements.
The synchrotron based experiments were performed at the ALS beamlines 10.0.1 and 4.0.3 equipped
with R4000 and R800 hemispherical electron analyzer, respectively. For the synchrotron measurements the energy resolution was set to better than 20 meV and the angular resolution was set to
better than 0.2◦ . Samples were cleaved in-situ and measured at a temperature of 15 − 20 K.
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Theoretical calculations.
The electronic structure calculations were carried out using the Vienna Ab-initio Simulation Package (VASP) [92, 95], and the generalized gradient approximation (GGA) used as the DFT exchangecorrelation functional [93]. Projector augmented-wave pseudopotentials [94] were used with an
energy cutoff of 500 eV for the plane-wave basis, which was sufficient to converge the total energy
for a given k-point sampling. In order to simulate surface effects, we used 1 × 5 × 1 supercell
for the (001) surface, with a vacuum thickness larger than 19 Å. The Brillouin zone integrations
were performed on a special k-point mesh generated by 25 × 25 × 25 and 40 × 40 × 1 Γ-centered
Monkhorst-Pack k-point grid for the bulk and surface calculations, respectively. The spin-orbit
coupling (SOC) was included self-consistently in the electronic structure calculations. The electronic minimization algorithm used for static total-energy calculations was a blocked Davidson
algorithm.
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Figure 4.1: (a) Tetragonal crystal structure of ZrGeTe. The Zr layers are separated by two neighboring Te layers, which are both sandwiched between the Ge atoms forming a square net. (b)
Spectroscopically measured core-level of ZrGeTe. Sharp peaks of Te 4d and Zr 4p are observed.
(c) Temperature variation of the electrical resistivity of ZrGeTe within the tetragonal plane measured in zero magnetic field and in a field of 9 T applied along the c-axis. Inset shows a single
crystal of ZrGeTe. (d) Ab initio calculated band structures of ZrGeTe along high symmetry directions. Bulk Dirac points (DP) are indicated in the plot.
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Figure 4.2: (a) Measured Fermi surface and constant energy contours. The binding energy values
are noted in the plots. All measurements were performed at the ALS beamline 10.0.1 at a temperature of ∼15 K. (b) Ab initio calculated Fermi surface map and constant energy contours. The
binding energy values are noted in the plots.
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Figure 4.3: (a) Measured Fermi surface at a photon energy of 40 eV. High-symmetry points are
indicated in the plot. (b) Measured dispersion maps along the M-Γ-M direction at photon energies
of 60 eV and 90 eV, respectively. (c) Ab initio calculations showing the dispersion map along the
M-Γ-M high-symmetry direction. (d) Photon energy dependent ARPES dispersion maps along the
Γ-X-Γ direction. The photon energies are noted on the plots. (e) Calculated dispersion map along
the high-symmetry direction Γ-X-Γ. (f) ARPES energy-momentum dispersion maps measured
with various photon energies along the M-X-M direction. Linearly dispersive states are observed
that do not show dispersion with a dependence on photon energy. The photon energies are noted
on the plots. (g) Calculations showing the dispersion map along the M-X-M high-symmetry direction. The inset show a zoomed in plot of bands around the X point which clearly shows the band
touching, in qualitative agreement with the experimental data. All experiments were performed at
the ALS end-stations 10.0.1 and 4.0.3 at a temperature of ∼ 15 − 20 K.
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Figure 4.4: (a) Dispersion maps along the M-X-M direction. (b) The energy distribution curves
corresponding to the panels shown under (a).

Figure 4.5: (a)-(c) Calculated dispersions along the M-X-M direction of ZrSiS, ZrSiTe, and
ZrGeTe, respectively. Blue colored curves depicted the surface states. Note that the surface states
appear twice due to the presence of top and bottom surfaces in the calculations.
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CHAPTER 5: DISCOVERY OF MAGNETIC TOPOLOGICAL NODAL
SEMIMETAL IN GDSBTE

Topological Dirac semimetal is characterized by the accidental band touching between conduction
and valence bands. In contrast, topological nodal-line semimetal required one them to broken
along with the presence of extra symmetry [57, 61]. Therefore, both magnetic and nonmagnetic
materials can harbor TNL phase. To date, several topological nodal-line semimtals [98, 78, 77]
have been reported inspired from the experimental discovery in ZrSiS [64, 89]. Interestingly, all of
them are nonmagnetic, even though theoretically they are predicted to exist in real materials [?].
Considering their importance in revolutionizing the modern technology and unique fundamental
properties it is timely need to discover magnetic topological semimetals. In this chapter, we will
discuss our experimental discovery of magnetic topological nodal-line semimetal. The result of
this chapter is published in Scitific reports and available at M. M Hosen et al., Sci. Rep. 8, 13283
(2018) (https://doi.org/10.1038/s41598-018-31296-7) [111].

5.1 Introduction

The discovery topological insulator [2, 113, 114, 115] initiated a domino effect of subsequent
discoveries of new exotic states broadening our knowledge of quantum matter and increasing the
number of researchers focused on this novel field. The consideration of non-trivial electronic states
protected by time-reversal, crystalline, and particle hole symmetries have led to the prediction to
the plethora of novel 3D materials which can support the elementary particle physics properties
such as Dirac, Weyl, Mejorana and beyond also new types of insulators such as topological crystalline insulators and topological Kondo insulators, topological superconductors, as well as 2D
quantum spin Hall insulators with large band gaps capable of surviving room-temperature ther64

mal excitations [114, 28, 116, 99, 117]. Most recently, this lead to the focus on exploring gapless
non-trivial topological metals and semimetals [42, 43, 101, 105, 102, 48, 51, 49, 118, 24, 112].
Topological Dirac semimetals with accidental band touching between conduction and valence
bands protected by time reversal and inversion symmetry are at the frontier of modern condensed
matter research. The Dirac semimetals evolve into a Weyl or nodal line semimetals when either
time reversal or inversion symmetry is broken depending on the dimensionality of the node and corresponding symmetry protections. A magnetic or time reversal symmetry broken Dirac semimetals
also been predicted where a combination of broken time reversal symmetry and crystallographic
symmetry protect the topological invariant. Essentially currently available topological materials
are mostly non-magnetic, while the magnetic topological materials are limited [120, 121, 119,
122]. However, magnetic topological materials offer transformational opportunities by providing
platforms for entirely new classes of fundamental science studies of quantum matter as well as
developing new paradigms for the design of devices for wide-ranging applications in next generation electronics, communications, and low energy technologies [2, 113]. There is an especially
urgent need therefore to find new magnetic topological materials so that the unique potential of
these materials for fundamental science studies and applications can be explored. This new realm
may provide us new exotic states which could be helpful to revolutionize the technology to new
height. This motivates us to study a magnetic material focusing on the topology and magnetism.
In this chapter we discuss our first experimental observation of magnetic topological state in a
nodal-line semimetal. Our ARPES study in collaboration with the first-principles calculations,
discover the antiferromagnetic Dirac state in a magnetic member of ZrSiS-family. Our systematic
electronic structure studies reveal that our system is not only structurally but also electronically
similar to ZrSiS and related nonsymmorphic Dirac materials. Importantly, our study reveal a robust
Dirac state at the corner point of the BZ in both the paramagnetic and antiferromagnetic states.
Our symmetrized EDC and momentun distribution curves (MDC) clearly identify the effect of
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magnetism in the vicinity of the nodal-line state. Therefore, our study provide a sturdy platform to
discover new exotic quantum phases evolved due to the interplay of magnetism with the topological
phases.

5.2 Material of interest and characterizations

The discovery of TNLS phase in ZrSiS-family with clean band structure near the Fermi level
[89, 64, 76, 77, 78, 96, 110, 109], recognized them as one of the most researched nodal-line material group among condensed matter community. Therefore, it is expected that if a magnetic
member of this family posses topologically protected state in the magnetic phase can have immediate impact by providing well defined platform to understand the relation between magnetism
and topology. Recently, CeSbTe a magnetic member of this family has been predicted to hast
such properties, however, its antiferromagnetic transition temperature is only around 2.5 K [122]
making it difficult to access by most the spectroscopic techniques. We identified that Gadolinium
based member of this family GdSbTe has a relatively high magnetic transition temperature TN =
13 K, and hence its ordered state can be accessed by ARPES and other experimental techniques.
Therefore, we choice GdSbTe as our material of interest and performed detailed electronic structure and thermal property study in combination with ARPES, thermodynamic measurements and
first-principles calculations.

As shown in Fig. 5.1, similar to other ZrSiS-type materials, GdSbTe has a nonsymmorphic tetragonal unit cell with space group P4/nmm where Gd, Sb and Te atoms occupy the corresponding
positions of Zr, Si and S atoms, respectively (see Figs. 5.1a and 3.1a for comparison). Using
spectroscopic core level measurements we examined the good quality of the surface of GdSbTe
as shown in Fig. 5.1b. Sharp peaks of all three elements were observed and confirmed the good
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quality of the crystal used for our experiments. Next, we focus on the determination of the antiferromagnetic transition temperature of GdSbTe by thermodynamic measurements. Temperature
dependent magnetic susceptibility data of GdSbTe is shown in Fig. 5.1c over a temperature ranre
of 0-400 K with an applied field of 0.5 T. With decresing temperature up to 15 K, the magnetic
susceptibility (χ(T)) follow the Curie-Weiss law where effective magnetic moment is µef f = 7.71
µB and the paramagnetic Curie temperature θ= -19 K. The experimentally obtained value of µef f
= 7.71 µB is close to the expected value of Gd3+ ion which is 7.94 µB . The large paramagnetic
Curie temperature indicates the presence of stong antiferromagnetic exchange interactions as can
be seen from the upper inset of Fig. 5.1c. The susceptibility data show a upturn below around
15 K and signal the antiferromagnetic order at this temperature. The zoomed view in the upper
inset near the transition temperature reveal TN = 13 K. Interestingly, it undergoes yet another
magnetic phase transition at around 8 K. The magnetic field variation of magnetization data with
decreasing and increasing field at the 1.72 K temperature (lowest temperature for our experimental setup) confirm that it bears an antiferromagnetic state (see lower inset of Fig. 5.1c). The tiny
inflation near 1.5 T applied field can be attributed to the metamagnetic-like phase transition. The
upward behaviour of magnetization at higher field suggest that an ferromagnetic arrangement of
the gadolinium magnetic moment is possible at higher applied field (> 5 T). This indicates that
GdSbTe possess complex magnetic structure and further details study is required to fully uncover
it. The ab-initio calculated bulk band structure of GdSbTe is displayed in Fig. 5.1d, which confirm
the presence of nodal-line state along the Γ-M direction. Importantly, a Dirac like feature slightly
below the Fermi level (∼ 0.2 eV) with a small gap is observed at the X point of the BZ.
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5.3 Topological nodal-line semimetal state in the paramagnetic phase of GdSbTe

Photon energy dependent measured Fermi surface plots in the paramagnetic phase are shown in
Fig. 5.2a where right most panel is 90o rotated from the left three panels. This confirm that
GdSbTe has the similar electronic nature as the ZrSiS [64, 96] at the Fermi surface. As like the
other member of the ZrSiS-family, it also consist a diamond shaped and circular shaped pocket
around the Γ-point and X point of the BZ, respectively. The Dirac cones of the topological nodalline along the Γ-M direction is responsible for the diamond shaped pocket around the center of
the BZ. Figure 5.2b shows the Fermi surface with high symmetry points and the constant energy
contour plots. The photon energies and binding energies are noted in the respective plots. At
higher binding energies, one can clearly observe that the diamond-shaped pocket evolves into two
distinct inner and outer pockets. At 770 meV plot, the small circular pocket at the X points evolve
into a points indication the potential location of the Dirac point and overall bands resemble a clear
crossing-like feature around X point. Furthermore, a new circular pocket emerges in the vicinity
of the X point which indicates the presence of additional bulk in the vicinity of the potential Dirac
point band at this energy position.
In order to confirm the nodal-line state and the presence of surface Dirac state at the corner point,
we present the photon energy dependent dispersion maps along the various high symmetry directions in Fig. 5.3. In contrast to the bulk bands surface originated bands do not disperse with the
changing photon energy. Using a wide photon energy ranging from 75 to 100 eV we measure the
dispersion maps along the M-Γ-M direction (see Fig. 5.3a). The nodal-line state observe to cross
the Fermi level which is in line with the other member of ZrSiS-family. However, a hole-like band
is observed in the close proximity of the Fermi level with top of the bands lie around 450 meV
below the Fermi level. The approximate location (∼ 0.35 eV) of the nodal point in this material
is calculated using the fitted MDC points in Fig. 5.4a. In compare to the ZrSiS (see Fig. 5.4b)
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which is around 0.2 eV, the nodal point slightly shifted upward in energy. Furthermore, the shape
of the bulk band clearly changing with the photon energy while nodal-line do not show any notable
dichotomy referring to the surface origin.
Now we turn on to the observation of surface Dirac state at the X point of the BZ. The measured
dispersion maps along the X-Γ-X direction at various photon energies are shown in Fig. 5.3b. A
Dirac-like crossing is observed at around 770 meV below the Fermi level. There are two addition
bulk bands are observed with top of the one band is completely flat. Such flat band is not present in
any other member of ZrSiS-family and required further study to fully understand its potential. In
order to clearly illustrate the Dirac point, dispersion maps along the M-X-M direction are present
in Fig. 5.3c. Photon energies are noted in the plots. The Dirac point is observe around 770 meV
below the Fermi level. To confirm the location of the Dirac point, we have track the MDC peaks
of Dirac cone near the Dirac point (see Fig. 5.5a and Fig. 5.5b) which confirm the location of the
Dirac point.
Figure 5.5c shows the ab-initio slab calculations along the M-X-M direction, and predict the existence of surafce originated Dirac cone with Dirac point near the observed energy. Regarding the
calculated band gap size deviation in ZrSiS and GdSbTe, the gap size in GdSbTe is also negligible
which is coming due to the quantum tunneling effect that appears in the slab calculations. Furthermore, the mismatch of the locus of Dirac point is very common in ZrSiS type materials. From
previous studies of various members of this family of materials, we can see the trend of location
change of Dirac point. In particular, the location of the Dirac points moves towards the higher
binding energy which resembles the more n-doped environment with heavier components. For
instance, location of Dirac point in ZrSiS is around 0.2 eV [64, 89] below the Fermi level while
for HfSiS it is 0.3eV [77], 0.45 eV in ZrGeTe [98]. Therefore, it is expected that the location of
the Dirac point will be at the higher binding energy as compared to the ZrSiS which is 0.77 eV
in GdSbTe. We believe that the Dirac nodes as well as the saddle like bands observed at higher
69

binding energy as a result of chemical potential have been shifted due to the change of electronic
charge at the X and Gamma points of the BZ in GdSbTe. Furthermore, in the vicinity of the Dirac
point two other bulk bands are observed. Since the surface state usually does not coexist within
the projected bulk bands, therefore, one can expect bulk-surface band hybridization in the vicinity
of the Dirac point. Inset of third panel in Fig. 5.3c (95 eV) shows the zoomed view near the Dirac
point where bulk state can be seen to overlap with the surface state in the vicinity of Dirac point.

5.4 Observation of antiferromagnetic Dirac state

The Dirac semimetal respect both inversion symmetry (P ) and time reversal symmetry (T ) and
required the protection of crystalline symmetry [42, 43]. The breaking of one of them leads to the
degeneracy lifting in Dirac point and the system evolve into a Weyl semimetal state. Interesting,
recent theoretical development predicted that Dirac semimetal may still exist even in the absence
of both symmetries but if the product of broken PT is conserved [24, 112]. When a material undergoes a magnetic phase transition from paramagnetic to ferromagnetic or antiferromagnetic phase
the time reversal symmetry will be broken. If time reversal symmetry (T ) and spatial inversion
symmetry (I) are broken, the Dirac semimetal no longer exists, however, their product may remain conserved [112]. For the DSM to survive, the desired AFM material should exhibit ordered
moments such that P and T are individually broken but PT is conserved and in addition such that
the crystalline symmetry (in the case of the 111 compounds the non-symmorphic symmetry) protecting the DSM state in the non-magnetic state is not violated. In addition, the AFM state would
need to be robust against SOC and correlation effects so that the aforementioned conditions can
be still met [112, 122]. Here, we present dispersion maps along the M-X-M direction both below
and above the magnetic transition temperature of this material in Fig. 5.6. Temperature values are
indicated in the plots. Interestingly, we observe robust Dirac like state in both paramagnetic and
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antiferromagnetic phases Fig. 5.7. Our thermally recycled dispersion maps (8K→ 21K→ 53K
→ 8K) indicates the robust nature of the Dirac state in GdSbTe. The nature of the topological
protections for both magnetic phases will be discussed in the net section. Since the antiferromagnetic (AFM) transition temperature is 13 K in the GdSbTe system which is accessible by most
spectroscopic techniques, it can provide a platform to study the effect of magnetism and topology.
Furthermore, owing to the robust Dirac state at the X point of the BZ, one can expect to see the
effect of magnetism at the other points of the BZ. we like to note that, we have performed detailed
spectral weight analysis in the vicinity of nodal-line in order to show the signature of magnetism
in Fig. 5.8. We found the spectral weight transfer in the EDC (Fig. 5.8c) and MDC (Fig. 5.8d)
curves along the nodal-line direction in its antiferromagnetic phase as shown below. In Fig. 5.8c,
the EDC curve comparing both the 30 K and 8 K measurements clearly shows a large deviation of
intensities between the energy range of -0.15 to 0 eV. In order to subtract the thermal broadening
effect, we have symmetrized the data in Fig. 5.9. Therefore, observation of the clear kink confirm
that the spectral weigt shift is originated as a result of magnetism.

5.5 Topological protection of Dirac state in paramagnetic and magnetic phase

In order to shed some light on the magnetic structure of GdSbTe and the corresponding topological
states below TN , low-temperature measurements of the thermodynamic properties were performed
(see Fig. 5). It should be noted that the strongly uniaxial crystal structure of this compound favors
an Ising type of spin arrangement that is indeed observed for numerous isostructural antiferromagnets. Usually, the magnetic structures of such phases consists of ferromagnetically coupled (001)
planes which are arranged along the c-axis in an antiferromagnetic +−, + + −−, or + − −+
manner. For these types of magnetic ordering a spatial rotation-inversion operator might combine
with time-reversal operator to provide the necessary preservation of symmetry that enables the
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protection of the topological states [24]. Thus, although the time reversal symmetry is broken in
magnetic phase of GdSbTe, the product of screw C2x and T might be responsible for protecting the
Dirac state in the AFM state. In other word, a potential product of the rotation-inversion operator
with the time-reversal operator may be responsible for topological state protection in the AFM
state.
However, as shown in Fig. 5 the magnetism in GdSbTe is fairly complex and not yet resolved.
Our magnetic susceptibility measurements, shown in Fig 5(a)-(b), indicate that below TN there
forms an AFM phase with the Gd moments confined within the tetragonal ab plane. Subsequently,
a spin reorientation occurs in the ordered state, as seen in the heat capacity data (see Fig. 5(c)),
yet it is likely that the c−axis remains a hard magnetization direction. Determination of the spatial
inversion operator, or perhaps a complex but expected for this structure roto-inversion operator will
be possible, once the magnetic structure of GdSbTe is well resolved.
In conclusion, we performed a detailed study of GdSbTe using ARPES, transport measurements
and first-principles calculations. Our studies reveal the topological nodal state in this material
and confirm that the overall electronic structure is similar with ZrSiS-type materials. We observe
a Dirac-like state in both below and above the magnetic transition temperature around 13 K. We
conclude that the Dirac point in the paramagnetic phase is protected by non symmorphic symmetry
and the Dirac point in the AFM phase it is protected by the combination roto-inversion symmetry
and broken time reversal symmetry. With a relatively higher magnetic transition temperature,
GdSbTe can be a potential material to study the interactions between the magnetism and topology.

5.6 Experimental and theoretical techniques

Crystal growth and characterization
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Single crystals of GdSbTe were grown by chemical vapor transport method using iodine as a transporting agent [91, 83]. The chemical composition of the crystals was checked by energy-dispersive
X-ray analysis using a FEI scanning electron microscope equipped with an EDAX Genesis XM4
spectrometer. Single crystal X-ray diffraction (XRD) experiment was performed on a KumaDiffraction KM4 four-circle diffractometer equipped with a CCD camera using Mo Kα radiation.
The results indicated the tetragonal space group P4/nmm (No. 129) with the lattice parameters a
= 4.3104(5) Å and c = 9.1233(15) Å. The XRD scans revealed that the platelet-shaped crystals
have their large surface perpendicular to the crystallographic c-axis. Magnetic measurements were
performed in the temperature range from 1.72 K to 400 K and in external fields up to 5 T using a
Quantum Design MPMS SQUID magnetometer. The heat capacity was measured in the temperature range 2-20 K employing a Quantum Design PPMS platform. For this experiment a set of
several single-crystalline platelets was oriented perpendicular to the magnetic field direction (B k
c-axis).

Spectroscopic characterization
Synchrotron based ARPES measurement were performed at Advanced Light Source (ALS) beamline 4.0.3 with a Scienta R8000 hemispherical electron analyzer setup and can offer a wide range of
photon energy from 20 eV to 130 eV. This hemispherical electron analyzer can offer a wide angle
range eventually a wide momentum range to cover multiple BZ of the sample Fig. 5.11. Which is
important to identify the scan total BZ and identifying the high symmetry points. The angular resolution was set to be better than 0.2◦ . And the energy resolution was set to be better than 20 meV.
For achieving better surface quality he samples were cleaved in-situ under the vacuum condition
better than 3×10−11 torr and at a temperature around 7-100 K. Within our measurements periods
typically around 20 hours samples were found to be bery stable and does not degrade surface quality.
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Electronic structure calculations
The electronic structure calculations were carried out using the Vienna Ab-initio Simulation Package (VASP) [92, 95], and the generalized gradient approximation (GGA) used as the DFT exchangecorrelation functional [93]. Projector augmented-wave pseudopotentials [94] were used with an
energy cutoff of 500 eV for the plane-wave basis, which was sufficient to converge the total energy
for a given k-point sampling. To simulate the surface effects, we used 1 × 5 × 1 supercell for the
(001) surface, with a vacuum thickness larger than 19 Å.
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Figure 5.1: (a) Tetragonal crystal structure. Layers of Sb atoms form a square net. Sheets of Gd
atoms are separated by two Te layers. Red circle indicate the location of the Dirac point at the X
point of the Brillouin zone. (b) Core-level spectrum. Here, we clearly observe sharp peaks due to
Te 4d (∼ 40 eV), Sb 4d (∼ 33 eV) and Gd 4f (∼ 8.5 eV) states. The black dashed line represents
the Fermi level. (c) Temperature dependence of the reciprocal magnetic susceptibility measured in
a magnetic field of 0.5 T applied within the crystallographic a-b plane. Solid line represents the fit
of Curie-Weiss law to the experimental data. Upper inset: low-temperature magnetic susceptibility
data. Lower inset: magnetic field variation of the magnetization taken at 1.72 K with increasing
(full circles) and decreasing (open circles) magnetic field strength. (d) Ab-initio calculated bulk
band structure along the high-symmetry directions. Red circle indicates the approximate position
of the Dirac point.
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Figure 5.2: (a) Experimentally measured Fermi surface maps at various photon energies and at
different high symmetry directions. The rightmost panel represents the Fermi level with different
orientation with high symmetry points. Photon energies are noted in the plots. (b) Constant energy
contour plots at various binding energies. Energies are noted in the plots. High symmetry points
are indicated in the leftmost plot. All the measurements were performed at the ALS beamline 4.0.3
at a temperature of 21 K.
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Figure 5.3: (a) ARPES measured dispersion maps along the M-Γ-M direction at various photon
energies. Nodal-line is observed to be in the vicinity of the chemical potential. (b) Dispersion maps
along the high symmetry X-Γ-X direction. (c) Band dispersion along the M-X-M direction. Diraclike state is observed. Measured photon energies are noted in the plots. Inset shows the zoomed
view near the Dirac point marked with dashed white rectangular box. All the measurements were
performed at the ALS beamline 4.0.3 at a temperature of 21 K. We note that, NL = nodal line, BS
= bulk state, SS = surface state, DP = Dirac point.
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Figure 5.4: (a),(b) (left) Experimental dispersion map of ZrSis and GdSbTe near the nodal-line,
respectively. (right) Predicted position of the nodal point. The points ere extracted from the Fitted
MDC curves of experimental plot shown in left panel.

Figure 5.5: (a) Measured dispersion map at the X point of the BZ using a photon energy of 90 eV.
(b) MDC curves of the plot (a). (c) Ab initiocalculated band structureof magnetic GdSbTe along
the symmetry line M-X-M for a slab geometry. The gap-less Dirac state is found around 770 meV
below the Fermi level at the X point. The calculated bands forming the Dirac point arederived
from the surface of the slab.
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Figure 5.6: Measured temperature are noted on the plots. Re 8 K indicates the dispersion map
after thermal recycle (8K→21K→53K→8K). All the measurements were performed at the ALS
beamline 4.0.3 using a photon energy of 90 eV.

Figure 5.7: Photon energy dependent dispersion maps along the M-X-M direction both below (8
K) and above (30 K) the transition temperature.
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Figure 5.8: (a)Measured Fermi surface both below and above the magnetic transitiontemperature.
The white dashed line represents the cut direction along the nodal-line.(b)Dispersion maps along
the nodal-line direction taken at 30 K and 8 K, respec-tively.(c),(d)Momentum and energy distribution curves at paramagnetic phase(left), antiferromagnetic phase (middle) and their comparison.
The temperature val-ues are noted in the plots.
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Figure 5.9: (a),(b)Symmetrized EDCplot of the raw data at both antiferromagnetic (blue) and
paramagnetic phase (red)measured at a photon energy of 100 eV and 90 eV, respectively.

Figure 5.10: (b) Temperature dependence of the magnetic susceptibility measured in a magnetic
field of 0.1 T applied along the crystallographic c axis (triangles) and the tetragonal a − b plane
(circles). (c) Temperature dependence of the specific heat.
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Figure 5.11: Experimentally measured Fermi surface of GdSbTe using the R8000 electron analyzer
over a wide angle.
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CHAPTER 6: EXPERIMENTAL OBSERVATION OF CLEAN
DRUMHEAD SURFACE STATE

Nontrivial states in topological semimetals are attracting intense interests driven by their numerous
novel properties such as high bulk carrier mobility, Fermi arcs, chiral anomaly, large negative magnetoresistance, and high density of states. Among them topological nodal line semimetal (TNLS)
is unique which accompanied by a nearly dispersionless two-dimensional surface state known as
the drumhead surface state. However, a direct experimental observation of a clean drumhead surface state is still elusive. In this chapter we discuss our result on the experimental observation
of clean drumhead surface state in the minimal symmetry group materials. Our result has been
published in Sci. Rep. 10, 2776 (2020) (https://doi.org/10.1038/s41598-020-59200-2) by Nature
publication group.

6.1 Introduction

The discovery of topological materials has been recognized as one of the major breakthrough in
condensed matter physics [2, 43, 48, 64]. The topological materials are classified in two classes;topological insulators and topological semimetals depending on whether the bulk is gapped or
gapless [2]. In all cases, the bulk are characterized by the topological invariants, however, each of
them offers unique surface states corresponds to their bulk boundary correspondences [2, 48, 64].
Therefore, it is particularly important to identify the surface state uniquely to clearly understand
the topological nature of the materials. Among the topological semimetals namely Dirac, Weyl and
nodal-line/loop, the topological nodal-line semimetals (NLS) are especially interesting as they host
1-dimensional (D) closed loops or line degeneracies along with the unique 2D drumhead surface
states (DSS) in their electronic spectra [2, 48, 57, 123, 116, 64, 89, 97]. The density of states at
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the Fermi energy in an NLS is greater than a Dirac or Weyl semimetals, providing more favorable
conditions for investigating exotic non-trivial phases and realistic materials platforms for developing applications. Important point to note that the NLSs are can be annihilated by strong spin-orbit
coupling or by other perturbations and therefore, require additional crystal symmetries for their
protection. Up until now, several classes of NLSs such as PbTaSe2 [61], LaN [81], Cu3 PdN [82],
and ZrSiS-type [64] materials have been reported. Importantly, the nodal-loop states in PbTaSe2
[61], and Cu3 PdN [82] lie in the vicinity of other metallic bands, LaN requires multiple symmetries
for protection, while in the ZrSiX-type systems the topological states lie above the Fermi level. It
is highly desirable, therefore, -to find materials without the presence of other nearby bands that
interfere in isolating topological features in the electronic spectrum. However, a clear detection
of the DSS is stll elusive, due to the lack of a well separated clean DSS. For instance, although
ZrSiS-family show most cleaner nodal-loop without the interfare of unwanted bulk bands, but they
do not offer drumhead surface state [64]. Next, PbTaSe2 offer surface state which are covered by
two other bulk bands which is a great disadvantage to experimentally distinguish DSS from bulk
state [61]. Therefore, it is of high demand to find a real material system with clean drumhead
surface state to gain deeper understanding of nodal loop physics. Another important point is the
requirement of additional symmetry to protect the nodal state. However, presence of extra symmetry always brings its own problem by making the the system difficult to handle. Therefore, it is
legitimate to ask for minimum symmetry which can support the robust nodal-line state.
In this chapter, we discuss our result on the experimental discovery of clean drumhead surface state
and also tried to answer the minimum symmetry required to host a robust nodal line semimetal
phase. Our combined study of ARPES, first-principles calculations and magnetotransport and
quantum oscillation study reveal the first clean drumhead state in a minimal symmetry group family
of materials. Furthermore, our theoretical calculations identify that only inversion symmetry is
capable of hosting TNLS phase in this family of materials which is consistent with the previous
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predictions.

6.2 Materials of interest and sample characterizations

The search for minimal symmetry protected nodal-line state recently leads to the theoretical prediction that the time-reversal symmetry alone with the center of inversion symmetry can protect the
TNLS state [124, 80, 79]. This further lead to the identification of real material group APn3 -family
where A = Ca, Sr, Ba, Eu and Pn = P, As which can host such novel state when spin-orbit coupling
(SOC) is neglected [79, 80]. Among these, CaP3 and CaAs3 are the only members of this series to
have a triclinic crystal structure with space group P1, which is also known as the “mother” of all
space groups, whereas other members including SrAs3 crystallize with higher symmetry structures
characterized by space group C2/m. Most importantly, only the inversion symmetry (P) is available
in P 1 space group and can protect the TNLS phase when SOC in neglected. Therefore, this family
of materials can be considered as the hydrogen-like or the simplest form of nodal semimetal. However, experimental verification of such simple nodal state is yet to be experimentally confirmed.
Considering the above mentioned novel conjecture we choose to study the detailed electronic structure of RAs3 where R = Ca, Sr. Our bulk band calculations also confirm that no unwanted bulk
bands presents near the expected energy and momentum location of the topological state. Furthermore, as this group hosts closed nodal-loop in their electronic structure, indicates the potential for
observing drumhead surface state without any interference from bulk bands.
In order to characterize the electronic structure of RAs3 , we start with the discussion of unit cell
of the both materials. The triclinic crystal structure of CaAs3 is shown in (see Fig. 6.1a (upper
panel)). The center of inversion lies midway between the neighboring Ca atoms. The center of
inversion lies midway between the neighboring Ca atoms. Figure 6.1b shows the bulk Brillouin

85

zone of CaAs3 with high symmetry points marked in the plot. For the (010) plane the projection
of Y and Γ points lie at the same momentum location. The location of the nodal-loop for CaAs3 is
shown in the lower panel of Fig. 6.1b. The nodal loop is observed to be slightly deviated from the
S-Y-T plane. The nodal loop position is calculated neglecting the SOC strength. In contrast to the
triclinic crystal structure of CaAs3 , SrAs3 crystallizes into a monoclinic system. This is due to the
fact that SrAs3 possess addition two fold rotational symmetry along with the P -symmetry, hence,
it fall to the space group C2/m. Here, once again the center of the inversion symmetry lies midway
between two Sr atoms and the two fold rotational axis can be readily observe from the monoclinic
unit cell. Important point to note here, the nodal loop along the S-Y-T for SrAs3 does not daviate
from the plane and makes it easy to access when access from (010) plane.
The bulk electronic band structure calculations of CaAs3 and SrAs3 considering the SOC, respectively, presented in Figs. 6.1c and 6.1d along with a comparison between with and without SOC
is in Fig. 6.2. Here, we used two different methods tight binding (lines) and first-principles (dots)
techniques which show an excellent agreement between them. Analyzing the calculations of both
materials without SOC, one finds a nodal-loop around the Y point of BZ, which is located in the
vicinity of the chemical potential. An important point to note that the bands are fully gapped as
they diverge from the Y points in both directions. The small gap in CaAs3 is due to the fact that
the nodal points lie slightly away from the high symmetry points. The inclusion of SOC results
in opening a negligible gap in SrAs3 and an approximately 40 meV gap in CaAs3 along the Y-Γ
direction. Importantly, the exclusion of SOC to observe nodal-line or loop states is a well-known
prevalent technique that has played a significant role in realizing previously reported nodal-line
semimetals such as LaN [81], Cu3 (Pd,Zn)N [82], ZrSiX-type materials [89, 64, 96], etc. Interestingly, nodal-loop is the only band near the Fermi level for CaAs3 while SrAs3 shows a dipping
band around the T point. However, the dipping band is located sufficiently away in momentum
position from the nodal loop and does not expect to interfere in the experimental observation of
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nodal loop as well as for drumhead surface state.
Next we perform the ARPES study of Fermi surface and constant energy contour plots on both
CaAs3 and SrAs3 using a wide energy window. The samples were cleaved along the (010) surface
and the date presented here is corresponds to this surface. First, the Fermi surface and the constant
energy contour plots of SrAs3 measure at ALS beamline 10.0.1 using a photon energy of 55 eV
presented in Fig. 6.3a. One can clearly see the hexagonal Fermi surface with six petal-like pockets
resembling a flower like shape around the Γ-point. As discussed earlier for this surface Γ and Y
projects into the same point. Moving towards the higher binding energy, the petal shaped pockets
expand in size and evolve into a more complex feature. This confirm the hole-like nature of the
charge carrier forming the petal-like pockets. On contrary, the small circular pocket around the
Γ-point evolve into a point at around 170 meV below the Fermi level and confirms the electron
like nature of the bands. This also satisfies the condition for the presence of nodal-loop around the
center of the BZ. At the corner of the band we observe a pole pocket arises due to the dipping band
shown in our bulk band calculations. Our further measurements at higher photon energy confirm
the presence of six similar hole-like bands at this momentum position which will be provided in
later section.
To unveil the band Fermi surface and carrier nature of CaAs3 we present our ARPES measured
experimental data in Fig. 6.3b and Fig. 6.4. Figure 6.3b shows the experimental Fermi surface
map and contant enrgy contour plots of CaAs3 within a wide momentum window the surface BZ
considered in our calculations is illustrated in Fig. 6.4b, where b1 = 1.087 Å−1 and b2 = 1.077
Å−1 . The agreement between the two data sets is remarkable. Each hexagon represent a seperate
BZ centered around Γ-point. In order to figure out the evolution of Fermi contour, we present
the constant energy contour plots at about 250 and 500 meV, respectively, below the chemical
potential. In these figures, one can clearly see the distorted hexagonal shape of BZ that is nicely
reproduced by our calculations (compare the left and right panels of Fig. 6.4). One single band
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form the entire BZ. No other band including the hole pocket at the corner of the BZ is absent in
this material.

6.3 Trivial electronic structure of CaAs3

Figure 6.5a shows the Fermi surface map using a photon energy of 95 eV. The white dashed line
guide the directions of the dispersion maps used for measurements to identify the topological
characteristics of this material. Figures 6.5b and 6.6 shows the dispersion maps along the Cut1 direction. We used several photon energy to access the various momentum position along the kz axis
which is perpendicular to the crystal momentum direction. First of all observation of one single
band confirm the clean nature of the electronic structure below the Fermi level. Interestingly, we
observe a electron pocket followed by a large hole pocket which indicated gap opening phenomena due to SOC as predicted by our bulk band calculations as well as the potential presence of the
topological surface state. Such a naturally tuned clean system with the topological surface states in
the vicinity of chemical potential is very crucial for transport behavior as well as for applications.
In order to understand the topological nature we carried out slab band calculations along this direction. The overall calculated band structure without considering SOC (see Fig. 6.5c) show nice
agreement with the experimental data. The calculated zoomed view near the predicted Dirac point
with considering SOC reveal a topological surface state near the Fermi level and within the bulk
band gap (around Y point in kx momentum plane) (see Fig.6.5e). Note that kx and ky are defined
here along the x and y directions and are not defined along the vector direction shown in Fig. 6.4b.
Most interestingly, the projections of the nodal points in the kx direction are connected by the surface states. However, the inclusion of SOC opens up a 40 meV gap along this direction and the
system undergoes a topological phase transition from TNL to TI. However, a careful photon energy
dependent dispersion map study along the expected nodal line direction reveals a small gap in the
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vicinity of the nodal loop, without the presence of any surface state. To observe it more closely we
present zoomed view ner the Dirac point and its second derivative plot in Fig. 6.5d and in Fig. 6.7.
Both of them unambiguously confirm the absence of any surface state. Since the surface states
are expected to present at any photon energy Fig. 6.6 provide the solid proof of its 3D nature.
Here at around 80 eV the upper part of the bulk band completely vanish eliminating the potential
of any chance that the surface state is present within this bulk gap. Therefore the observation of
pure bulk bands negates the possible presence of a Dirac cone with a surface arc in CaAs3 . Finally,
we conclude that although the topological insulator phase is predicted in the CaAs3 by reference
[80, 79], the ARPES data dismiss such possibility and established CaAs3 as the trivial semimetal.
Figure 6.5f represents the measured dispersion map along the ky (Cut2) directions which clearly
supports our previous observations. Here, we observe that the band is almost flattened in the ky
direction while we find a sharp dispersion along the kx direction. The theoretical slab calculations
along this directions predic a much larger surface state along this direction than the kx direction.
This could further provide a tuning knob to study more exciting exotic states.

6.4 ARPES study of TNLS phase and drumhead surface state of SrAs3

The photon energy dependent energy-momentum dispersion maps along the various high symmetry direction indicated in Fig. 6.11a of SrAs3 are presented in Figs. 6.11b-6.11e. 6.11b shows the
dispersion maps along the nodal-loop direction (Cut1) at three different photon energies. Here, we
observe that the lower part of the nodal cone cross the Fermi level 2D surface state which form the
Drumhead surface state. The surface states are known to be much more sensitive at low photon
energy while its opoosite for bulk state. The domination of bulk state at the higher photon energy
in line with the fact. In order to confirm the surface origin of the band around the Γ-point we
measure the same dispersion map at a even higher photon energy in SLS beamline with different
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experimental setup Fig. 6.11c. Once again the surface state clearly observed with even more higher
spectral intensity of bulk band. Figure 6.11d provide a guide to the eye for black dashed line where
the small half circle corresponds to the drumhead surface state. The robustness of the topological
state is confirmed by measuring a second batch of sample at SLS. Once again we observe the circular projection of the drumhead state and extented upto around 170 meV below the Fermi level.
In order to provide more quantitative proof we compare the EDC curves along the center of the
surface state for ALS 60 eV and SLS 90 eV measured dispersion maps. The surface state peak
for both measurements show exact peak location in the normalized plot where the bulk band intensity enhancement is clearly observed for 90 eV curves. This unambiguously proof the presence
of robust nodal-loop and drumhead surface state in SrAs3 . Next, we present the dispersion maps
along the six electron pockets observed at the corner in Fig. 3(e) (cut 2 direction). A massive Dirac
like state is observed with a ∼0.3 eV gap size. Furthermore, the theoretical calculations with the
inclusion of SOC in CaAs3 leads to a gap opening where energetically almost flat surface states
appear. With no other bands near the Fermi level CaAs3 thus provides a unique opportunity to see
the evolution from the TNL phase to the TI phase through small Sr doping. Such a system could
be an ideal platform to realize the high-temperature superconductivity [125] and special collective
mode features [126]. The length of the connecting arc along the kx is theoretically estimated to
be about 0.08 Å−1 , and it is found to be much longer along the ky direction at about 0.30 Å−1 .
Therefore, such anisotropic nature of the surface state would provide an opportunity to play with
the TI phase.

6.5 Quantum oscillation study of surface state

In order to look in more detail on the electronic behavior and its impact on transport properties, we
have performed the electrical resistivity and magnetoresistivity measurements of SrAs3 and CaAs3
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single crystals. The electrical transport behavior of SrAs3 is presented in Fig. 6.11a. In zero
magnetic field, the compound exhibits semimetallic properties with a weak temperature dependent
resistivity of about 1.5 mΩcm and a shallow minimum in ρ(T) near 60 K, in concert with the literature data [127, 128]. In a magnetic field of 9 T, applied perpendicular to the electric current, the
resistivity of SrAs3 notably changes. In the region from room temperature down to about 70 K,
the compound shows semiconducting-like behavior, while at lower temperatures, a plateau in ρ(T)
is observed, at which the resistivity is ∼50 mΩcm, i.e. it is 3000% larger than the magnitude in
zero field. Such a distinct influence of the magnetic field on the electrical transport in SrAs3 and
the presence of the low temperature plateau are characteristic of topological semimetals [56]. This
behavior can be attributed to field-induced changes in mobilities and concentrations of electron and
hole carriers in a two-band topological material and similar picture was invoked before to explain
unusual galvanomagnetic properties of SrAs3 , like first-order longitudinal Hall effect and magnetoresistivity in Hall geometry [129]. This behavior can support the presence of drum-head surface
states in SrAs3 as observed in ARPES measurements where the trajectories of the electrons in 2D
surface states are easily influenced by magnetic field. A completely different behavior is observed
for CaAs3 crystals, where the electrical transport measurements show a semiconducting behavior
(see Fig. 6.11b). At room temperature, the resistivity is about 37 mΩcm, and with decreasing
temperature it increases non-monotonically, initially in a semimetallic manner, passing through a
smeared shallow maximum near 200 K, but then rises sharply below 15 K. The resistivity measured at 2 K is about 260 Ωcm, which is a value nearly four orders of magnitude larger than that
at 300 K. The overall shape of ρ(T ) as well as the values of the resistivity are very similar to those
reported in the literature [130, 127]. The semiconducting behavior observed in CaAs3 agrees with
the presence of the small gap close to the Fermi level that has been found by the photoemission
studies. The opening of the finite gap and evidence of 3D nature of bands avoids the possibility of
Dirac cones, which is consistent with our transport data. As can be inferred from Fig. 6.11b, an
external magnetic field of 9 T, applied perpendicular to the electric current, hardly affects ρ(T) of
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CaAs3 above 10 K, yet brings about a more rapid rise of the resistivity at lower temperatures. The
latter feature can be attributed to a small increase in the value of the semiconducting energy gap
or/and some reduction in the mobility of dominant charge carriers, both effects being driven by the
magnetic field.

Figure 6.11c shows the transverse magnetoresistance (MR) of SrAs3 measured at different temperatures and a magnetic field up to 9 T. The MR is defined as the change of the electrical resistance
under applied magnetic field and can be described by the formula MR = [R(H)-R(0)]/R(0), where
R(H) and R(0) stand for resistance with and without magnetic field, respectively. As can be seen,
in the case of SrAs3 , the MR is positive and non-saturating up to 9 T for all temperatures measured.
At low temperatures, the MR reaches large values exceeding 3200% at 2 K and 9 T. Such a large
MR in SrAs3 may indicate the presence of surface states in this material [131]. The overall MR
curve at 2 K can be described by the relation MR ∝ Hn with n = 1.82. The nearly quadratic field
dependence indicates that the system exhibits an almost complete electron-hole compensation, as
expected from a semiclassical two band model [131]. At low temperatures and high magnetic
field, a signatures of Shubnikov de Haas (SdH) oscillations can be observed. The inset of Fig.
6.11c shows the oscillations versus inverse magnetic field above 6 T at different temperatures and
after subtracting the smooth background from the resistivity data (MR ∝ H 1.82 ). The results have
been normalized at 9 T to better show the magnitude of resistance change caused by the quantum
oscillations. The presence of the quantum oscillations, even at 15 K (and 9 T) not only points
to a very good quality of the SrAs3 single crystals used in the present studies but also indicates
the high mobility and extremely low effective mass of charge carriers supporting the presence of
surface states in this material. In contrast to SrAs3 , CaAs3 shows a relatively small MR. The MR
measured at different temperatures below room temperature are shown in Fig. 6.11d. At 2 K, the
MR reaches a maximum of 90% at a magnetic field of 8 T and then starts to saturate. At higher
temperatures, as shown in Fig. 6.11d, the MR is decreasing with increasing temperature and the
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MR values are non-saturating up to 9 T. Unlike in SrAs3 , we do not observe any sign of the SdH
oscillations in CaAs3 . The inset of Fig. 6.11d shows the residuals at different temperatures after
subtracting the background from resistivity data. As it can be seen, no oscillations are present
in the magnetic fields of up to 9 T. This clearly shows a difference between these two systems;
SrAs3 being a topological semimetal and CaAs3 being a trivial semiconductor with a narrow gap
in the electronic structure, all with good agreement with the photoemission results. The insulating
behavior at low temperature, relatively small and saturating MR at low temperature could be the
reason that both SdH and dHvA oscillations are missing in CaAs3 . This is in agreement with the
ARPES results suggesting that CaAs3 is trivial insulator. Figures 6.11e and 6.11f show the field
dependences of the magnetization of SrAs3 and CaAs3 , respectively, measured at various temperatures. As it can be observed from the figures for CaAs3 , the linear field dependence measured
is a characteristic feature of a typical diamagnetic insulator. In the case of SrAs3 a much complex M(H) behavior is observed with a crossover from weak diamagnetic at weak magnetic field
to paramagnetic like behavior at ∼5 T. In addition, an obvious de Haas van Alphen (dHvA) oscillations are present for SrAs3 at low temperatures at high magnetic fields, as were predicted for
topological line node semimetals [132, 133]. In nodal line systems, the magnetic susceptibility
is composed into the orbital, spin, and spin-orbit cross terms, which is caused by the strong spin
orbit interactions [133, 132]. In nodal semimetals the spin-orbit cross term is directly related to the
chiral surface current (and orbital magnetization) induced by the topological surface modes [132].
In the case of CaAs3 , no such effects exist (see Figure 5f) and the magnetization shows an ordinary
diamagnetic behavior expected for trivial insulators. The temperature dependence of the magnetic
susceptibility of SrAs3 and CaAs3 is shown in the insets of Figs. 6.11e and 6.11f, respectively.
Whilst CaAs3 exhibits a typical behavior expected for an ordinary diamagnetic insulator, the magnetic susceptibility of SrAs3 shows an unusual T-linear dependence that may be a signature of its
topological features.
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Finally, although few topological nodal semimetals have been realized experimentally, there is a
lack of available pristine model system hosting a well isolated drumhead surface state. Our systematic spectroscopic study reveals the clear signature of the drumhead surface state in SrAs3 ,
which is further supported by transport measurements as well as the first-principle calculations.
Similarly, our results show that CaAs3 is a topologically trivial material with a clear band gap.
Therefore, by appropriate isoelectric doping in CaAs3 with Sr, the quantum phase transition from
topological nodal line phase to the topological insulator state can be realized in Srx Ca1−x As3 system. As the topological nodal states are expected to locate in the vicinity of the Fermi level,
Srx Ca1−x As3 system could provide an ideal platform for transport as well as optical measurements
to reveal the topological nodal signatures. By the application of circularly polarized light, one can
drive the nodal line phase into a Weyl phase in this system [134]. Our systematic spectroscopic
and transport measurements as well as first-principles calculations show that differences in crystal
structures, crystallographic symmetry protections, and the SOC strength will lead to substantial
differences in the electronic structures.

6.6 Methods

Sample growth and characterizations
Single crystals of RAs3 were grown by Sn-self flux technique as described elsewhere [?]. Chemical composition of the single crystals was checked by energy-dispersive X-ray analysis using a
FEI scanning electron microscope equipped with an EDAX Genesis XM4 spectrometer. The average elemental ratios Ca : As and Sr: As obtained in accord with the expected stoichiometry. The
crystal structure of the single crystals was examined by X-ray diffraction on a KUMA Diffraction
KM-4 four-circle diffractometer equipped with a CCD camera, using graphite-monochromatized
Mo-Kα radiation. The triclinic CaP3 -type crystal structure of CaAs3 (space group P1, Wyckoff
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No. 2) and the monoclinic crystal structure of SrAs3 (C2/m, #12) were confirmed, with the crystal lattice parameters close to the literature values reported in Ref. [135, 130]. Measurements of
the electrical resistivity were carried out in the temperature range from 2 to 300K in magnetic
field up to 9 T employing a Quantum Design PPMS-9 platform. Electrical contacts were made of
silver wires attached to the rectangular-prism-shaped samples with silver epoxy. Because of the
very low crystallographic symmetry no effort was made to determine the direction of the electric
current in respect to the unit cell axes. The electrical resistivity and magneto-transport properties
were measured using standard four-probe technique and magnetic properties were measured using
VSM option in PPMS Dynacool-9 (Quantum Design) device.

Synchrotron measurements
We performed synchrotron-based ARPES measurements at the surface and interface spectroscopy
beamline end-station high-resolution photoemission spectroscopy (SIS-HRPES) located at the
Swiss Light Source (SLS) which is equipped with Scienta R4000 hemispherical electron analyzer. Similarly we collected more data at the Advanced Light Source (ALS) beamlines 10.0.1.1
and 4.0.3 which are equipped with Scienta R4000 and R8000 hemispherical electron analyzers,
respectively. The spectroscopic core level also performed using ARPES which confirm the good
surface quality Fig. 6.12. During the data collection, energy and momentum resolution were set
better than 20 meV and 0.2◦ , respectively. We cleaved the samples in ultra high vacuum (UHV)
conditions where pressure were better than 10−10 torr. The measurement temperatures were set to
be 10 - 25 K. We did not observed any sign of sample degradation during the measurements.

Theoretical calculation
In order to analyze and interpret the experimental ARPES data, first-principles calculations were
performed using both the DFT and TB methods. The DFT calculations were made using Vienna
ab-initio simulation package based on Perdew-Burker-Ernzerhof(PBE) [94] type generalized gra95

dient approximation and the projector augmented-wave(PAW) [136] pseudopotential. The energy
cut-off 400 eV and 9 × 9 × 9 k mesh were used to calculate the bulk band structure. A real space
TB model based on the Wannier function of As p orbitals was built by using WANNIER90 [137]
package. The TB model and Green’s function [139, 138] method were employed to calculate the
surface band structure and the Fermi surface energy contours.
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Figure 6.1: (a) Triclinic (up) and monoclinic (down) primitive unit cell. Purple (neon green) and
green balls represent Ca(Sr) and As atoms, respectively. The center of inversion lies between the
two neighboring Ca(Sr) atoms. (b) 3D Brillouin zone of RAs3 with the high symmetry points
(upper panel) are marked. The nodal-line is located around the Y points. A little deviation from
the S-Y-T plane (lower panel) for CaAs3 . (c),(d) Bulk band structure along the high symmetry
points calculated with the inclusion of SOC for SrAs3 and CaAs3 , respectively. Blue lines and dots
correspond to the tight-binding model and first-principles calculations, respectively.

Figure 6.2: (a)-(b) Bulk band calculations without and with spin-orbit coupling (SOC) of SrAs3 ,
respectively. (c)-(d) Calculated bulk bands of CaAs3 along the high symmetry directions without
and with SOC, respectively.
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Figure 6.3: (a) Fermi surface and constant energy contour plots of SrAs3 , measured at the ALS
beamline 10.0.1 using a photon energy of 55 eV. (b) Measured Fermi surface and constant energy
contour plots of CaAs3 . Each of the distorted hexagons represents a separate Brillouin zone where
the b-axis is larger than the a-axis. The measurements were performed at the HRPES end-station
of the SLS beamline at a temperature of about 18 K using an incident photon energy of 90 eV. The
binding energies are marked in the plots.
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Figure 6.4: (a) ARPES measured and calculated Fermi surface of CaAs3 . Each of the distorted
hexagonal represents a separate Brillouin zone where the b-axis is larger than a-axis. (b) Surface
Brillouin zone along the (010) plane. (c)-(d) Show the constant energy contour plots at 250 and 500
meV below the chemical potential. All measurements were performed at the HRPES end-station
of SLS beamline at a temperature around 18 K.
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Figure 6.5: (a) Fermi surface map at a photon energy of 95 eV. White dashed line guides the
energy-momentum dispersion measurement directions. (b) Photon energy dependent dispersion
maps along the cut 1 direction shown in Fig. 4(a). (c) Calculated dispersion map without the
inclusion of SOC around the Y point of BZ. At the (010) surface, Y and Γ are projected at the same
point. (d) Zoomed in plot of black dashed box shown in 105 eV dispersion map. (e) Calculated
zoomed-in plot near the Fermi level. (f) Measured dispersion map along the cut 2 direction at a
photon energy of 95 eV.

Figure 6.6: (a) Photon energy dependent dispersion maps of CaAs3 along the Cut1 direction. All
the experiments were measured at SLS.
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Figure 6.7: (a),(b) Measured dispersion map and second derivative plots using a photon energy of
105 eV, respectively. (c) Calculated dispersion map along the kx direction with the inclusion of
SOC.
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Figure 6.8: (a) Fermi surface map at a photon energy of 100 eV. (b) Photon energy dependent
dispersion maps along the cut 1 direction. (c) Dispersion map measured at 100 eV photon energy.
(d) Dispersion map with guide to the eyes. The red dotted arc shows the drumhead surface state.
(e) Dispersion map along the center of the electron like pocket. Experimental data (a),(c) and (e)
were taken at the SLS and (b) and (d) were taken at the ALS beamline 10.0.1 at a temperature
around 18 K. The photon energies are marked in the plot.
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Figure 6.9: Fermi surface (left) and constant energy contour plots of SrAs3 measured at a photon
energy of 90 eV. The measurements were performed at the SLS beamline at a temperature of 18 K.

Figure 6.10: (a) Dispersion map along the Cut1 direction measured at ALS. (b) Dispersion map
along the Cut1 direction measured at SLS. Photon energies are noted in the plots. (c) Energy
distribution curves comparison along the dashed line of 60 eV and 90 eV plots.
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Figure 6.11: (a),(b) Temperature dependencies of the electrical resistivity (note double-logarithmic
scales) of SrAs3 and CaAs3 , respectively, measured in zero magnetic field and magnetic field of 9 T
applied perpendicular to electric current. (c),(d) Transverse magnetoresistance of SrAs3 and CaAs3
measured at different temperatures. The inset shows the SdH oscillations in the case of SrAs3
(after subtracting the background from the magnetoresistance data) and lack of the oscillations
for CaAs3 . (e),(f) Magnetic field dependence of magnetization of SrAs3 and CaAs3 . In case of
SrAs3 a pronounced dHvA oscillation can be observed while CaAs3 shows typical behavior for
diamagnetic insulators with no sign of quantum oscitations. The insets show the temperature
dependence of magnetic susceptibility of SrAs3 and CaAs3 , respectively.
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Figure 6.12: (a),(b) Core level measurements of CaAs3 and SrAs3 , respectively.
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CHAPTER 7: DISTINCT MULTI FERMIONIC STATE IN A SINGLE
METAL

The study of to date discovered quantum materials such as topological insulator, Dirac, Weyl
semimetals etc, one point is very clear that different symmetry protection plays a pivotal role to
protect the nontrivial topological states. Owing to such complex origin of each topological state
one would observe that different materials host different topological states such as TI state in
Bi2 Se3 , Dirac state in Cd3 Sb2 , Weyl state in TaAs and nodal state in ZrSiS-family. Therefore, we
ask the question, is it possible to have multiple fermionic state in a same quantum materials? In
this chapter we attempt to answer this question by presenting detailed electronic structure study
of a 221-family of material. The results of this study is published in Nature Communications and
available at M. M. Hosen et al., Nat. Commun. 9, 3002 (2018) (https://doi.org/10.1038/s41467018-05233-1) [140].

7.1 Introduction

The discovery of topological insulators (TI) [2, 113, 114, 141] have invigorated the intense research attraction to search for the novel non-trivial surface state on the metallic and semimetallic
materials [42, 43, 101, 102, 48]. Semimetals with the topologically non-trivial surface states are
believe to be the basis materials for opening up the door to a new era in modern condensed matter physics. To uncover these topologically protected surface states one must first look at their
origins. There are several origin of this topologically protected surface states such as strong spinorbit coupling (SOC) strength, accidental band touching protected by crystalline symmetry, and
strong electronic correlations effect, etc [141, 142, 143, 99]. Each one of them are responsible
for defining the characteristics surface state of various topological states. Therefore, uncovering
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the origin of topological protection of surface state in real material has become a subject of great
importance among the condensed matter family.
A tetradymite-type Bi-based component was the first experimentally discovered TI in which the
surface state was realized through the SOC effect and protected by time reversal symmetry (TRS)
[144, 145]. The surface state in these materials have a definite spin polarization. However, 3D
Dirac semimetals such as Cd3 As2 [42, 43, 146], and Na3 Bi [44] have accidental band inversion
between the bulk and conduction bands at certain points of the BZ and are robust to any perturbation that preserves translational symmetry. Unlike topological insulators where only surface state
are interesting and topologically protected, Weyl semimetals features unusual bands on both surface and bulk. The metallic surface states of the Weyl semimetals show photon-like linear band
dispersion and exhibit a variety of exotic properties that include large magnetoresistance and high
carrier mobility, etc [100]. Stemming off of the Weyl semimetals, nodal-line semimetals posses
one dimensional line like band touching in momentum space and required extra symmetries such
as mirror symmetry to protect it besides from translational symmetry [89, 64, 61]. The high density
of states in the topological nodal-line fermion state provides a possible route to discover materials
with room temperature superconductivity [147].
In order to study the interplay between different topological quantum phenomenon, one would
required to have a coexisting several topological surface states instead of a one single quantum
phases as discussed above. In this work combining ARPES and ab initio calculations, we report
the discovery of topologically distinct fermionic SSs, multiple Dirac crossings, and the Diracnode arc [148] in a single topological metal, Hf2 Te2 P, a compound from the 221 family. Usually
topological nodal loop semimetal host a closed loop to accompany a drumhead surface state. In
contrat to that, the here in Hf2 Te2 P the surface band crossing resemble the Dirac state in graphene
and form a extended line along the high symmtery direction Γ-M-Γ which known as Dirac node
arc. Furthermore, our Density Functional Theory calculations reveal the presence of both weak
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and strong topological state in this material. The weak topological states observed to be below
the Fermi level along with the Dirac node arc where the strong topological states stays above the
Fermi level. As a consequence our ARPES data directly map the weak topological states and
the Dirac node arc while other means of spectroscopic technique is required to access the strong
topological state. Inspired by our work a separate group experimentally confirmed our prediction
by using scanning tunneling microscope [149]. In contrast to the Dirac-node arc of unambiguous
origin observed in topological line-node semimetals [77], our DFT study reveals that here it is
a signature of weak topological Z2 invariants and protected by in-plane time-reversal invariance
[150]. Consequently, this material could be the first system to realize the coexistence of both weak
and strong Z2 invariants due to the presence of multiple bulk topological bands.

7.2 Material family with multiple space group symmetry

In order to host multiple protected surface state, a material family required to have several space
group symmetry. 221-family A2 T2 X where A= Zr, Hf, Ti, Rf, T = O, S, Se, Te and X = P, As, Sb,
Bi tetradymite materials have been long cherished for such material platform. Bi-based tetradymite
materials are among the first experimentally discovered topological insulator. Figure 7.1 show the
conventional and primitive unite cell of tetradymite family. Important point to notice that, most of
them are nonmagnetic and hence respect the time reversal symmetry. It also respect the inversion
symmetrty which located in the middle point between the two quintuple layers. The primitive unit
cell here cleay show the inversion center. This family also host the multiple mirror symmetry,
for instance the gray plane show the (110) mirror plane. The bulk band calculations of Hf2 Te2 P
show the multiple reciprocal location where a band inversion can take place depending on the SOC
strength of the constituent materials. Therefore, 221-family offer the multiple symmetry group
as well as multiple band inversion possibility to host different kind of topological surface states.
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As an example our material Hf2 Te2 P offer both weak and strong topological state along with the
Dirac node arc. However, replacing Hf by a lighter atom Zr, one obtains Zr2 Te2 P which is a strong
topological metal with multiple Dirac cones [151]. Therefore, 221-family of materials can be the
rich playground for discovering new quantum materials with yet to discover topological phases.

7.3 Crystallographic and thermal properties of Hf2 Te2 P

The materials of the 221 family are of particular interest due to their tetradymite-type layered crystal structure, mostly found in typical 3D topological insulators as e.g., Bi2 Te3 , Bi2 Se3 , and Sb2 Te3
[141, 152, 151, 158], having a three-fold rotation symmetry about the z-axis. Similar to the well
known topological insulator Bi2 Te2 Se [153], Hf2 Te2 P crystallizes in a rhombohedral crystal structure with space group R3̄m (No. 166) [154]. The conventional (hexagonal) unit cell consists of
three basic quintuple layers (QL), each with stacking sequence Te-Hf-P-Hf-Te (see Fig.7.2a). The
atoms within a quintuple layer are covalently bonded, whereas between layers they are bonded
by weak Van der Waals forces which facilitate cleaving along the {001} basal plane, as shown
in Fig.7.2a. The primitive (rhombohedral) unit cell possesses an inversion symmetry depicted by
the red star. The crystal also respects the TRS as well as preserves the reflection symmetry with
respect to the mirror planes {110}, {010}, and {100} (pertaining to the conventional unit cell).
This reflection symmetry may play a distinct role in conserving in-plane time-reversal invariance
and hence, protecting the Dirac-node arc, as discussed later. Figure 7.2b shows the temperature
dependence of the electrical resistivity of Hf2 Te2 P which indicates the metallic nature of this material. The transverse magnetoresistance MR = [ρ(T,H)−ρ(T,0)]/ρ(T,0) attains a value of about
100% below 10 K (see Fig. 7.2c). At higher temperatures, the magnitude of MR rapidly decreases
and drops below 1% above 150 K. The bulk and (111)-projected surface BZs of the primitive unit
cell are shown in Fig. 7.2d). The high symmetry points Γ, Z, F, and L are on the mirror planes of
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either {110} or {100} type in the bulk BZ. The projected surface BZ is perpendicular to the mirror
planes. The center of the surface BZ is denoted as the Γ point, the K points are at the corners of the
surface BZ, and M is the mid-point of two adjacent corners. Figure 7.2e shows the spectroscopic
core level measurements of Hf2 Te2 P. We observe sharp peaks of Hf 4f at around 14.2 eV and 15.9
eV, and Te 4d at around 40 eV. This indicates that the sample used in our measurements is of good
quality. The peaks of the Hf 4f registered at ∼ 15 eV below the Fermi level justifies treating the
f -electrons as core electrons in our calculations.

7.4 Fermi surface and Dirac node arc

We now present our ARPES data in order to reveal the details of the Fermi surface as well as the
existence of the Dirac node arc fermions in Hf2 Te2 P. We have systematically studied the electronic
structure of Hf2 Te2 P through the use of low incident photon energy (80-110 eV) in ARPES. The
ARPES intensity integrated over 20 meV energy and a wide energy-momentum window is used to
access the multiple BZ. Figure 7.3a shows the Fermi surface maps of Hf2 Te2 P at various photon
energies. The photon energies are noted in the plots. Our careful analysis of the data reveal the
presence of multiple Fermi surface pockets such as 6 electron-like pockets along the Γ-M directions and a hole-like pocket around the Γ point of the BZ resembling a beautiful 6-fold flower-like
Fermi surface (See Fig. 7.3a). Such a clear and well resolved ARPES electronic dispersion is
extremely rare in metallic system especially in Dirac type materials. As discussed earlier this compound respect 3-fold rotational symmetry hence the 6-fold flower petal originated considering the
presence of inversion symmetry in this materials. The 6-fold symmetrycally distributed around the
center of inversion where a small circular pocket is observed. Figures 7.3b-d show the dispersion
maps along the various key high symmetry directions marked by the white dashed line and high
symmtry point marking in 7.3a.
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Figures 2(b) and (c) show the dispersion maps along the K-Γ-K and M-Γ-M directions, respectively, at different photon energies as denoted on the plots. Firstly, along K-Γ-K we observe a clear
Dirac cone arond the Γ point. The Dirac band observed to be disperse linearly over a wide energy
range. The chemical potential is found to be at the top of this Dirac crossing state and the Dirac
node located in the vicinity of the Fermi level. Furthermore, we carefully analyze the dispersion
map along the K-Γ-K and at EB ≈ 1.2 eV, where we observe a second Dirac cone-like feature.
However, the Dirac cone is not clearly observed due to the broad ARPES intensity, therefore, we
confirmed it by taking a second-derivative curvature plot and energy distribution curves (EDCs) of
this dispersion map in Fig. 7.4. Figure 7.3c shows the dispersion maps along the Γ-M direction
where once again the presence of Dirac type linear dispersion is observed. Most importantly, with
changing photon energy the linear like band do not show any notable change hence we attributed
them as surface originated. As the dispersion map along the M-Γ-M direction is collected from
the 3D mapping of the ARPES intensity the energy resolution is slightly low. However, to offer
an quantitative support of the linear land in this direction we perform MDC fitting plot for 90 and
100 eV dispersion map in Fig. 7.5. The read and black dots corresponds to the 90 and 100 eV
plots. Here one can clearly observe that the MDC fit points almost overlap with each other and
confirm the absence of any effect due to the incident photon energy. On contrary the half circular
like bulk band around 1.2 eV below the Fermi level clearly show change in two plots of Fig. 7.5a.
Importantly, the linearly dispersive energy range is as large as 2.2 eV below and above the Fermi
level which is even larger than that of the recently reported nodal-line semimetal ZrSiS [89, 64].
Figure 7.3d shows dispersion maps along the K-M-K direction. The photon energies are noted
in the plots. Sharp Dirac like linearly dispersive states are observed at all three photon energies.
Importantly, the linearly dispersive energy range is as large as 2.2 eV below and above the Fermi
level. The Dirac-like band touching is observed at the M point at EB ≈ 1.1 eV. The Dirac cone
around the M points are protected by TRS and making this system the first material to exhibit a
TRS protected Dirac cone at the M points of the BZ. Importantly, our ARPES results establish the
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presence of multiple Dirac surface features (two crossings) located at different binding energies at
different high-symmetry points Γ and M. Therefore, we are proud to be the first to experimentally
establish the presence of multiple Dirac fermion states located at different binding energies on top
of reporting the nodal-line semimetal phase in the Hf2 Te2 P material. In order to show its origin we
provide more photon energy dipendent dispersion maps along the K-M-K and K-Γ-K directions in
Fig. 7.6. We further track the EDC peak for the Dirac point report that it is surface originated (see
Fig. 7.7).
Now we report our most important ARPES observation, guided by the theoretical calculations, of
the Dirac-node arc, as a signature of weak TI. Figure 7.8a shows the constant energy contours at
a photon energy of 100 eV as a function of binding energy EB , as noted on the plots. Moving
towards higher EB , we observe that the ellipsoidal petal-shaped features are gradually shrinking in
width along the K-M-K direction whereas the small circular pocket at the Γ point is increasing in
size. This indicates the hole-like nature of the pocket at the zone center and the electron-like nature
of the ellipsoidal pockets. At EB ≈ 1 eV, we observe that the ellipsoidal-like pocket disappears
and finally forms a 1D line-like feature along the high-symmetry M-Γ-M direction. A closer look
in energy, Fig. 7.8b, shows that the novel line-like fermionic state begins to flatten at a binding
energy of 1.1 eV. Next, we focus on the energy dispersion around the M point in more detail
according to the cuts shown in the momentum dispersion curve at EB = 1 eV, Fig. 7.8. Along
cuts No. 1 to No. 9, the band dispersions shown in Fig. 7.8c describe the detailed evolution of
the Dirac features along the K-M-K direction. At the M point in cut No. 5, a very sharp linear
dispersion starts to cross at EB = 1.1 eV, see also Fig. 7.3d. The Dirac crossing moves up in energy
on both sides of the M point, making cuts No. 2–4 and cuts No. 6–8 symmetrical. Importantly,
each crossing resembles the Dirac state in graphene. Therefore, in the proximity of TRS point M
the movement of such Dirac crossing forms a line, the Dirac-node arc in energy-momentum space.
Moving further away from the M point, cuts No. 1 and 9 show a slightly gapped Dirac cone with a
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largely linear dispersion and the bulk states dominate over the surface contribution (see Fig. 7.9).

7.5 Coexistence of weak and strong topological insulator states

For a detailed understanding of the novel ARPES features, we now focus on the electronic structure
calculations of Hf2 Te2 P based on DFT. All the observed features are well explained by our ab initio
calculations which guided us to identify the surface Dirac-node arc, and disentangle bulk and surface origins. Figure 7.10a shows the bulk electronic structure of Hf2 Te2 P along the high-symmetry
directions including four time-reversal-invariant momenta (TRIM), calculated with spin-orbit coupling. Several bands cross the Fermi energy that are formed of hybridized Hf-d (blue circles) and
Te-p (red circles) states; the size of the circles indicates the contribution for a specific orbital. The
bands close to EF around the F point are almost flat bands, i.e., they are approximately dispersionless and for the sake of simplicity, these are labeled as bands A, B, and C which are predominantly
formed of Te-p, Te-p and Hf-d orbital characters, respectively. Irrespective of the EF position, direct energy gaps exist between the band sets (A, B) and (B, C) in the whole BZ, owing to the SOC;
this direct energy gap determines the probable topology of SSs. Apart from a clear band inversion
of the d − p type between bands B and C at the Γ point, there is an additional inversion among
the topmost valence bands at the L point induced by SOC, highlighted by the green boxes. These
band inversions are usually considered as the origin of the topological nontriviality i.e., nontrivial
TSSs. As shown in Fig. 7.2a, the primitive unit cell with the inversion center at the red star further
allows us to determine the parity of the Bloch wave function which is consistent with that of the
corresponding atomic orbital: ‘+’ for the s and d orbitals and ‘−’ for the p orbital.
To confirm the topological origin of the observed features in the ARPES experiment, we calculate
the four topological Z2 invariants, (ν0 : ν1 ,ν2 ,ν3 ), assuming EF can be tuned into the pseudogap
between band sets (A, B) and (B, C). This calculation is based on considering the parity of the
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predominant orbital character at the four irreducible TRIM points of the BZ, as described by Fu
and Kane [22]. Interestingly, within the band set (A, B), we find ν0 = 0 but the other topological
invariants are calculated to be nonzero, (ν1 ,ν2 ,ν3 ) = (1,1,1), − a weak topological Z2 invariant.
Once we consider the pseudogap between bands B and C, strikingly, ν0 changes from 0 to 1 due
to the band inversion at Γ, while weak invariants (ν1 ,ν2 ,ν3 ) remain unaltered − a strong topological Z2 invariant. Therefore, Hf2 Te2 P is a unique quantum material carrying multiple topological
bands along with both weak and strong Z2 invariants. Both Z2 topological invariants guarantee the
existence of TSSs on the (111) surface.
Indeed, in our Te terminated (111) surface calculations, we observe multiple topologically protected Dirac states, see Fig. 7.10b. First of all, a pair of linearly dispersive TSSs exist around the
Γ point inside the d − p inversion gap (between bulk band set (B, C)) with the Dirac point lying
at about 0.42 eV above the EF . At about 0.17 eV above EF , another Dirac point is observed at
the same Γ point protected by the band topology of bulk states A and B. Here, the surface character of the Dirac dispersion is strongly mixed with the bulk character. Unfortunately, the above
mentioned two Dirac points cannot be visualized in our ARPES measurements as only occupied
electronic bands can be probed by this technique. However, our constant energy contour plots in
Figs. 7.10c,7.10d confirm that the first Dirac point is derived from the sharp corner of the 6 petalshaped pockets meeting at a point above EF while the later one is derived from the circular ring
at the zone center as observed in ARPES, see Fig. 7.3a. In stark contrast to a single Dirac point
at 0.42 eV above EF , a nontrivial line-like feature is observed around EB ∼ 0.9 eV at the M point
along the Γ-M-Γ direction originating from the same band topology of the bulk band set (A, B).
Such highly anisotropic bands around the M point provide the possibility of additional tunability in
this material [155, 156] as electrons can propagate differently from one direction to another. The
calculated bands along the K-M-K direction show excellent agreement with our experimentally
measured dispersion maps (see Fig. 2(d)). We find that the energy window of linear dispersion
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is more than 2.3 eV, extending both below and above the Fermi level, which is more than any
known topological material. Our calculations reveal an even number of topological nontrivial surface states, a Dirac cone at Γ and one at M, and the Dirac-node arc along the M-Γ direction, all
due to the bulk band set (A, B), − a clear signature of a weak Z2 invariant. Furthermore, besides
the strong and weak TI states above the chemical potential, we also observe a Dirac-like state at
the same momentum position, Γ, at about EB = 1.2 eV, consistent with the ARPES observation.
However, the topological origin of this state is unclear (see also Fig. 7.4).
In total, four surface Dirac states are reported here at TRIMs. Two of them, one at the M point
around 0.9 eV below the Fermi level and one at the Γ point around 0.17 eV above the Fermi
level, stem from bands A and B and have weak Z2 topological origin (green box in Fig. 7.10b).
The Dirac state at the Γ point around 0.42 eV above the Fermi level stems from bands B and C
and has a strong Z2 topological origin (purple box in Fig. 7.10b). Lastly, the Dirac point at Γ
around 1.2 eV below the Fermi level (black box in Fig. 7.10b) is unrelated to either bands A, B,
or C and is included here for the sake of completeness. The Dirac states below the Fermi level are
directly observed while the ones above the Fermi level are indirectly witnessed from their observed
signatures at negative energies in our ARPES measurements.

7.6 Discussion

First of all, we observe a 6-fold flower petal-shaped Fermi surface which shows that even in a
metallic Dirac material such a remarkable dispersion is possible. Secondly, we observe multiple
Dirac cones with linear dispersion over a wide energy range (∼2.3 eV), even larger than that of
ZrSiS (∼2 eV). Most importantly, in the well-studied typical n−type Bi2 Se3 /Bi2 Te3 [2, 113] TI
materials (Fig. 7.11a) it is experimentally observed that the surface Dirac cones have lower and
upper cone giving the Fermi level well above the Dirac point. On the other hand, for the distinct
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p−type material such as Sb2 Te3 [2, 113], the Dirac point is located well above the Fermi level (Fig.
7.11b). Furthermore, in ZrSiS-type nodal line materials, the bulk conduction and valence band
touch each other along a one-dimensional loop or line protected by nonsymmorphic symmetry
[89, 64] (Fig. 7.11b). Notably, these three phenomena are uniquely found in a distinct material
or family of materials. In contrast, here, we have acquired sufficient experimental and theoretical
evidence to report that Hf2 Te2 P hosts multiple surface Dirac states (Figs. 7.11d,7.11e). To our
knowledge, never before has a single material been found to host three such topological states.
The Dirac features (node arc along Γ-M and nodes at the M and Γ point, respectively) originating
from the topological bulk band set (A, B) are protected by the in-plane time-reversal symmetry
− a 2D analog of the conventional time-reversal symmetry [150]. The {110}, {010}, and {100}
mirror planes in the conventional unit cell of the Hf2 Te2 P crystal suggest the presence of in-plane
time-reversal symmetry and according to Ref. [150], one finds topologically protected Dirac lines
on the surface of weak topological insulators, here it is the (001) surface.
We analyze here that such line of ungapped Dirac crossings emerges as topological edge states of
weakly coupled 2D planes stacked perpendicular to an axis that is tilted with respect to the direction
of the line due to the presence of in-plane TRS in those planes [150]. For Hf2 Te2 P, the combination
of e.g. the {100} mirror symmetry and usual TRS ensures the existence of planes stacked parallel
to the (100) direction that possess an in-plane TRS thus giving rise to our observed surface Diracnode arc along the (010) (Γ-M direction). Furthermore, at the surface where TRS is broken, the
{100} mirror symmetry remains, thus protecting the Dirac node-arc along this direction. In a
similar way, the combination of usual TRS and the {010} mirror symmetry gives rise and protects
the Dirac node-arc along the (100) direction. The rest of the Dirac node-arcs of the surface BZ
can then be understood due to 3-fold rotational invariance. A plausible explanation why this line
develops a gap as we move closer to Γ along the Γ-M high-symmetry direction of the surface BZ
is that the interlayer coupling between these planes in the bulk is stronger around the Γ point,
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therefore the in-plane TRS is broken there. This picture is supported by the fact that the bulk
electron bands A and B are highly dispersive near the Γ point in comparison to their almost flat
shape near the F point, as shown in Fig. 7.10a.
We note that the Dirac-node arc has endpoints, which are the gapless weak topological Dirac
surface states at the Γ point that exist at around 0.2 eV (see Fig. 7.11e). Therefore, our Dirac-nodearc does not disperse into the bulk, and it is also distinct from the Fermi arc of Weyl semimetals.
We furthermore note that the here-discovered surface Dirac-node arc is distinct as well from the
Dirac electron state observed on the surface of Ru2 Sn3 (Ref. [157]) which consists of a single
Dirac crossing at the Γ point and a gapped surface state at momenta along a high-symmetry line.
The Dirac-node arc in Hf2 Te2 P consists of (ungapped) Dirac crossings along a line in momentum
space.
Interestingly, our calculations show that one of the Dirac nodes at the Γ point is a weak topological
state with Z2 invariant (0:111) and that the other one is a strong topological state with Z2 invariant
(1:111). In contrast to the other known topological materials our first-principles calculations show
that the band inversion is d-p type similar with Zr2 Te2 P [151] instead of a s-p type band inversion.
The bands around the M points are highly anisotropic so there is a large possibility of a tunable
Dirac cone state that may lead to new properties. This system provides a unique opportunity to
study multiple fundamental fermionic quantum phases in the same material.

7.7 Materials growth and Methods

Crystal growth.
The single crystals of Hf2 Te2 P were grown through the vapor transport method as described elsewhere [158]. The crystal structure was determined by X-ray diffraction on a Kuma-Diffraction
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KM4 four-circle diffractometer equipped with a CCD camera using Mo Kα radiation, while chemical composition was checked by energy dispersive X-ray analysis performed using a FEI scanning
electron microscope equipped with an EDAX Genesis XM4 spectrometer. Electrical resistivity
measurements were carried out within the temperature range 2 − 300 K and in applied magnetic
fields of up to 9 T using a conventional four-point ac technique implemented in a Quantum Design
on a four-circle PPMS platform. The electrical contacts were made using silver epoxy paste.
Spectroscopic characterization.
Synchrotron-based ARPES measurements were performed at the SIS-HRPES end-station at the
Swiss Light Source (SLS) equipped with Scienta R4000, Advanced Light Source (ALS) beamline
10.0.1 equipped with Scienta R4000 and ALS beamline 4.0.3 equipped with R8000 hemispherical
electron analyzers. The angular resolution was set to be better than 0.2◦ , and the energy resolution
was set to be better than 20 meV for the measurements. The samples were cleaved in-situ under
vacuum condition better than 3×10-11 torr and at a temperature around 18 K.
Electronic structure calculations.
The electronic structure calculations and structural optimization were carried out within the densityfunctional formalism as implemented in the Vienna ab initio simulation package (VASP) [92, 199].
Exchange and correlation were treated within the generalized gradient approximation (GGA) using
the parametrization of Perdew, Burke, and Ernzerhof (PBE) [94]. The projector-augmented wave
(PAW) method [136, 92] was employed for the wave functions and pseudopotentials to describe
the interaction between the ion cores and valence electrons. The lattice constants and atomic geometries were fully optimized and obtained by minimization of the total energy of the bulk system.
The surface of the two-dimensional crystals was simulated as a slab calculation within the supercell approach with sufficiently thick vacuum layers. In addition to the general scalar-relativistic
corrections in the Hamiltonian, the spin-orbit interaction was taken into account. The plane wave
cutoff energy and the k-point sampling in the Brillouin zone integration were checked carefully to
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assure the numerical convergence of self-consistently determined quantities.
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Figure 7.1: (a) Primitive and unit cell of 221-family of materials with mirror plane guide. (b) Bulk
band structure of Hf2 Te2 P.
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Figure 7.2: (a) The rhombohedral tetradymite crystal structure of Hf2 Te2 P, depicted in the conventional (hexagonal) and primitive (rhombohedral) unit cells. Most probable cleavage plane is
between the quintuple layers indicated. (b) Temperature dependence of the electrical resistivity
measured on a single crystal of Hf2 Te2 P in a zero and 9 T magnetic field applied perpendicular
to the current flowing within the basal plane of the crystallographic unit cell. The inset shows a
picture of the single crystal. (c) Magnetic field dependencies of the transverse magnetoresistance
measured for a range of different temperatures. (d) 3D bulk Brillouin zone and its projection on
the hexagonal surface Brillouin zone of the Hf2 Te2 P-crystal. (e) Core level spectroscopic measurement of Hf2 Te2 P. Sharp peaks of Te 4d and Hf 4f are observed.
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Figure 7.3: (a) Fermi surface maps at various photon energies. Photon energies are marked on the
plots. The white dashed lines marking No. 1 and 2 denote the direction of the dispersion maps.
(b)-(d), Dispersion maps measured along various high-symmetry directions for different photon
energies. These data were collected at the SIS-HRPES end station at the SLS, PSI at a temperature
of 18 K.
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Figure 7.4: (a) Zoomed view of measured dispersion map along the K-Γ-K direction. (b),(c) Second derivative plots of the same figure using curvature method with a white dashed lines (see(c))
as guides for the eyes to highlight the Dirac point. (d) Energy distribution curves of the dispersion
map shown in (a). The dashed lines serve as guides for the eyes. Zoomed view of the rectangular
box near the Dirac point (right).
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Figure 7.5: (a),(b) 90 and 100 eV photon energy dependent dispersion maps and MDC fits plots
overlaid along the M-Γ-M direction, respectively (see also main text Figure 2(c)). (c) Combined
MDC fits of the 90 and 100 eV plots. The red dots and black crosses correspond to the 90 and 100
eV dispersion maps, respectively.

Figure 7.6: (a) ARPES measured dispersion maps along the K-M-K direction using photon energies of 85 -105 eV with 5 eV energy steps. (b) Dispersion maps along the K-Γ-K direction using
various photon energies as indicated in the plots.
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Figure 7.7: (upper panel) Dispersion maps near the Dirac point along the K-M-K direction. (lower
panel) Combined EDCs at the M point. The Dirac point do not change with photon energy.
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Figure 7.8: (a) Constant energy contour plots at various binding energies. (b) Constant energy
contour plots closer to the Dirac-node arc. Binding energies are given in the plots. (c) Dispersion
map along the K-M-K direction along the cut directions indicated in the 1000-meV constant energy
contour panel of Fig. 3(b). All data were collected at the SIS-HRPES end station at the SLS, PSI
at a photon energy of 100 eV with a temperature of 18 K.

Figure 7.9: Dispersion maps and MDC fits of cuts 1, 2, 3, 4 and 5 are placed side by side to
observe the upward movement of the Dirac point along the Dirac arc.
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Figure 7.10: (a) The bulk electronic structure, calculated with spin-orbit coupling, along highsymmetry directions. Blue and red circles indicate the Hf-d and Te-p character of the band states,
respectively. Band inversions are highlighted by the green rectangles. (b) Calculated surface states
for the (111) surface with Hf and Te character indicated. (c), (d) Calculated Fermi surface and
constant energy contour 900 meV below the Fermi level, respectively. At 900 meV below the
Fermi level we observe a symmetry protected surface Dirac-node arc, denoted by the green arrow.
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Figure 7.11: (a),(b) Sketch of electronic surface state dispersion of the n-type topological insulator and p-type topological insulator, respectively. (c) Dispersion of bulk states in a nodal-line
semimetal of ZrSiS-type. (d) Sketch of electronic dispersions of the 221-material Hf2 Te2 P. This
material consists of both n- and p-type topological surface states as well as a surface Dirac-node
arc phase. (e) View of the calculated surface electronic structure of this material that confirms its
weak topological nature, also showing the Dirac-node arc and its endpoints at Γ. The Dirac-node
arc is purely surface-derived, in contrast to the nodal-line semimetal phase shown in c, which is
bulk-derived.
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CHAPTER 8: COEXISTANCE OF NONTRIVIAL AND RASHBA
SURFACE STATE IN HOSB

The rare-earth monopnictide family is attracting intense current interest driven by its unusual extreme magnetoresistance (XMR) property and the potential presence of non-trivial surface states.
However the origin of the XMR is still luck the general consensus. With the potential of topological
nontrivial state and large XMR in rare-earth monopnictide (REM) semimetal we study the details
electronic structure of HoSb and attemp to explain the origin of XMR in REM family. Here, using
high resolution angle-resolved photoemission spectroscopy (ARPES), magnetotransport, and parallel first-principles modeling, we report the discovery of a topologically nontrivial state coexisting
with a Rashba-type surface state in a REM semimetal HoSb.

8.1 Introduction

Topological insulators (TIs) with exotic novel properties such as extreme negative magnetoresistance and high carrier mobility are currently attracting intense interest in condensed matter and
materials science communities. A TI supports the presence of gapless topological surface states
(TSSs) with Dirac-cone-like energy dispersions within an inverted gap between the bulk conduction and valence bands [2, 114, 159]. The discovery of TIs has spurred the exploration of gapless
nontrivial states beyond the insulators to a great variety of topological semimetals such as the
Dirac-, Weyl-, and nodal-line/loop semimetals in which the bulk bandgap opening is prohibited
by crystalline symmetries [42, 43, 48, 49, 64]. These developments have opened up exciting new
routes for finding exotic quantum phases and improved materials platforms for constructing lowpower electronics/spintronics devices[2, 160]. A distinct nontrivial Z2 state with TSSs has been
recently reported in a three-dimensional (3D) material with a vanishing global bandgap [22, 161]
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where the TSSs overlap with the bulk states. The rare-earth monopnictide (REM) family is drawing
much interest as a rich playground for investigating exotic Dirac fermionic excitations. REMs have
been predicted to host topological Dirac semimetal as well as 3D TI states [162] and support extremely large magnetoresistance (XMR) [165, 164, 166, 167, 163, 168, 169]. A good deal of work
has been reported on towards unveiling -the topological nature of the observed linearly dispersing
states and their possible role in driving XMR in these materials. However, a robust conclusion in
this regard remains a matter of debate. Although, the conventional explanation for XMR involves
electron-hole compensation [164, 166, 168, 169, 170, 171], the observation of XMR in the REM
family and numerous other topological materials such as WTe2 [172], Cd3 As2 [173], PtSn4 [174],
and TaAs [175] has ignited the possibility that XMR might have its origin in forbidden backscattering channels of topological materials [173, 175]. Notably, TSSs have been reported in LaBi,
LaSb, CeSb, and CeBi by various groups [178, 181, 180, 177, 179, 176, 182, 183, 184, 185, 166]
whereas LaAs, LuBi, YBi, YSb, and CeSb have been suggested to be topologically trivial materials [180, 163, 164, 165, 183, 186]. The presence of a Dirac semimetal state is suggested in NdSb
[105] and DySb [167]. With the background of these results in mind, a further experimental and
theoretical study is needed to gain an understanding of the nature of Dirac-like states and how they
are connected with XMR in this family of materials.
Rare-earth elements with their f -orbital electrons provide strongly-correlated, tunable magnetic
ground states in the REM family. Moving from La to Lu elements of lanthanide series, one observes a nonmagnetic to ferromagnetic transition. Holmium Antimonide (HoSb) is less studied
antiferromagnetic (AFM) member of the REM family that supports an antiferromagnetic ground
state [187]. It displays a magnetic transition from an MnO-type AFM arrangement to a HoP-type
ferromagnetic arrangement under external magnetic field [188]. More recently, an unusual XMR
has been reported in this strongly correlated system [189, 190]. Such an AFM system which supports XMR as well as nontrivial topological states could provide a natural platform for gaining
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insight into the origin of XMR in the REM family.
In this article, we report the experimental observation of a Rashba-type surface state that coexists
with a Z 2 topological state in HoSb. Using angle-resolved photoemission spectroscopy (ARPES)
and parallel ab-initio calculations, we delineate the electronic structure of HoSb. Our analysis
reveals the presence of an odd number of band inversions at the Γ and X points of the Brillouin
zone (BZ) that drive a nontrivial Z 2 invariants. A bandgap of ∼25 meV is found at the X point
of the BZ. Notably, we find that the upper part of the Rashba-type surface state resides within the
bulk bandgap at the X point. Our magnetotrasport measurements show a non-saturating XMR and
suggest that this material is a nearly complete electron-hole-compensated semimetal. Our study
thus unveils HoSb as a possible correlated, electron-hole-compensated topological semimetal with
a Rashba-type surface state and provides insight into the origin of its XMR.

8.2 Sample characterizations and electronic structure

HoSb crystalizes in a rock salt crystal structure with space group Fm-3m similar to the other members of the REM family (see Fig. 8.1 a). Our XRD measurements confirm the cubic BZ with the
refined lattice parameter a = 6.13(1) Å. Here, yellow and blue balls correspond to the Ho and Sb
atoms, respectively (Fig. 8.1 a). Figure 8.1 b shows the bulk BZ and its projection on the (001)
surface. The core level spectrum is shown in Fig. 8.1 c. Peaks of Sb 4d (∼32 eV), Ho 4f 5/2 (∼8.6
eV) and Ho 4f 3/2 (∼5.2 eV) are clearly resolved. The observation of these sharp peaks indicates
the good quality of our HoSb samples. The left inset of the Fig. 8.1c shows a picture of our cubic
single crystal. To confirm the magnetic transition temperature, we plot the variation of resistivity
with temperature in the low temperature regime (see Fig. 8.1c right inset). One can clearly see the
sharp peak at around 5.7 K, which is in agreement with previous reports [188].
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We present the bulk band structure of HoSb without including spin-orbit coupling (SOC) effects
in Fig. 8.1d. There are three hole-like bands at the Γ point and one electron band at the X point
that crosses the Fermi level. On including SOC in the computations, salient features of this band
structure picture are essentially preserved (Fig. 8.1e), although the third hole band at Γ moves
closer to the Fermi level so that its top crosses the Fermi level. At the X point, there is a clear
gap-closing between the Ho d and Sb p states. A careful inspection of the local band gap between
the valence and conductions bands shows that an inverted bandgaps of ∼ 2 meV and ∼ 25 meV
appear at the Γ and X points, respectively. Due to the existence of an inverted bandgap, we expect
a TSS to reside within the bulk bandgap.

8.3 Fermi surface and charge carrier nature of the bands

We now discuss the bulk band structure and Fermi surface using our measured constant energy
contours of (001) surface, see Fig. 8.2a. At the center of the BZ (Γ), we observe a diamondlike outer Fermi pocket and a circular inner pocket. Moving towards higher binding energies, we
observe a third band and also observe that the size of the pockets is increasing, confirming the
hole-like nature of the bands around Γ. At the corner (X point) of the BZ, we clearly see two
concentric elliptical-shaped pockets. However, moving to higher binding energies, the elliptical
pockets evolve into point-like features at around 460 meV, which indicates the electron-like nature
of the bands around the X point of the BZ. Importantly, our calculations suggest a bulk gap near
this binding energy at the X point. The observation of clear spectral weight around this binding
energy indicates the existence of other bands, which may not be present in the bulk band calculations. At around the binding energy of 600 meV, the size of the elliptical pocket increases,
suggesting that the possible bulk bandgap lies around this binding energy. We will return below to
present additional photon energy-dependent dispersion maps around the Γ and X points in order
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to delineate the nature of the bands from our experimental measurements. Figure 8.2b shows the
calculated Fermi surface contour, which is in substantial agreement with our experimental results.
Experimental and calculate Fermi surface and constant energy contour plots for a second batch of
samples presented in 8.3 with different orientation confirm this observation.

8.4 Nontrivial surface states in HoSb

Figure 8.4 presents the energy dispersion maps along high-symmetry directions in the BZ. Figure
8.4a shows the energy dispersion along X − Γ − X direction measured at a photon energy of 70
eV. Two hole bands are observed to cross the Fermi level while the top of a third hole band can
be seen at around 200 meV below the Fermi level. Figure 8.4b shows the measured dispersion
map around the Γ point along the high-symmetry direction M − Γ − M . Similar to the Fig. 8.4a,
three hole bands are observed with two bands crossing the Fermi level. Importantly, two bands
crossing the Fermi level along the Γ − M direction are sharply dispersive in comparison to the
Γ − X direction, which indicates the highly anisotropic nature of these bands and also explains the
distortion of the diamond-shaped pocket as we move towards higher binding energies in Fig. 8.2.
Figures 8.4c,d show the dispersion map and its second derivative plot along the Γ−X −Γ direction
measured at a photon energy of 91 eV. One can observe the gapless nature of bands at the X point.
The second derivative plot and the zoomed view near the band inversion point in Fig. 8.4e clearly
resolve the surface state within the energy gap at the X point. These experimental observations are
in substantial agreement with our calculated (001) energy dispersion in Fig. 8.4f. Interestingly, the
surface state observed in our experiments follow in parallel with the lower part of the bulk cone
with top of the surface state residing within the bulk band gap. In order to confirm this observation,
we present photon energy dependent dispersion maps along the X − M − X direction in Figs. 8.4g
and 8.4h. We observe an additional band at the X point in parallel with the lower part of the bulk
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cone, which is absent in our bulk band calculations. However, our calculations confirm that band
inversion happens at the Γ and X points (see Figs. 8.4i,j). The theoretical bulk band gap along
the X point is about 25 meV. The band inversion happens between the Ho d and Sb p states. Our
results show that HoSb hosts an odd number of band inversions at the X and Γ points. There
is a continuous band gap between the valence and conduction bands and the Z2 invariant is well
defined. Using the evolution of Wannier charge centers[192], we find a strong topological invariant
Z 2 =1. This confirms that HoSb is a nontrivial Z2 semimetal.

8.5 Observation of Rashba-type surface states

Our ARPES measured Fermi surface and energy dispersion maps along the various high-symmetry
directions reveal the carrier types of various bands and the presence of an additional band within
the bulk energy gap at the X point. To gain a deeper insight into the origin of bands around the Γ
and X points, we present photon energy-dependent ARPES measurements in Fig. 8.5. We observe
that the bands around the Γ point are more dispersive with photon energy. Although the change of
band dispersion is small, the dispersion maps over a wide energy range from 100 eV to 61 eV (see
Fig. 8.5) clearly show the dispersive nature of the bands around the Γ point. Our band structure
calculations nicely reproduce these features around the Γ point, see Fig. 8.4f. One can therefore
unambiguously conclude the bulk nature of the bands around the Γ point. On the other hand, the
upper part of the bands at the X point shows very small variation with changing photon energy.
However, the lower part of the bands clearly shows photon energy dependency, which is further
confirmed by taking photon energy-dependent measurements along the X − M − X direction
over a wide photon energy range (100 eV to 86 eV). On the contrary, the band in parallel with
the lower part of the bulk band cone with top part lying within the bulk gap at around 470 meV
does not show a photon energy-dependent behavior. Therefore, we adduce that this band is surface
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derived. In order to confirm the presence of this surface state quantitatively, we present momentum
distribution curves (MDCs) (Fig. 8.5c) around the bulk bandgap (blue dashed box in Fig. 8.5b).
The observation of finite intensity peaks confirms the presence of the surface state within the bulk
gap at the X point. Figure 8.5(d) gives the MDCs around the bulk gap. The black points track
the splitting of the surface state. Our first-principles calculation agrees well with the experimental
observations and confirms the surface derived Rashba-type surface band at the X point (see Fig.
8.5e). Due to our limited experimental resolution, we were not able to resolve the top part of the
Rashba-split nature even within our highest quality dispersion maps. On the contrary, the lower
part can be clearly seen from the dispersion maps and second-derivative plots (see also 8.6) where
the MDCs (see also 8.7) and calculated band structure clearly show the splitting of the surface
state.

8.6 Transport signature of electron-hole compensation and possible non-trivial state

Our ARPES measurements indicate that HoSb is a Z 2 -type semimetal with a Rasba-type surface
state. In order to study the transport properties of HoSb, we used a micron-sized sample prepared
by plasma focused ion beam (PFIB) microscope. The magneto-transport measurements have been
performed on FIB0 ed single crystal, where electrical current (i) was applied along <100> crystallographic direction and the magnetic field was applied perpendicular to i and <100> (see inset in
Fig. 8.8a). Figure 8.8a shows the temperature dependence of the electrical resistivity of the HoSb
single crystal. The overall behavior of ρ(T) and the presence of an antiferromagnetic ordering at
T N = 5.7 K agree well with previous studies [189]. Application of magnetic field strongly increases electrical resistivity and ρ(T) curve saturates at lower temperatures (the resistivity plateau)
[189]. The field dependent resistivity saturation at low temperatures has not been observed in the
non-magnetic members of this monopnictide family [177, 165]. The observation of such a plateau
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has recently been attributed to the nearly perfect electron-hole carrier compensation and the high
mobility of the compensated semimetals [193]. Figure 8.8b and its inset show the magnetic field
dependence of transverse magnetoresistance of HoSb measured at various temperatures. Magnetoresistance denotes the change of the electrical resistance under applied magnetic field defined as,
MR = [R(H)-R(0)]/R(0), where R(H) and R(0) are resistances with and without the magnetic field,
respectively. As seen from the inset of Fig. 8.8b, for temperatures below TN the MR increases
with the increasing magnetic field. The kinks in the MR(H) curves mark a metamagnetic transition
that is related to the change in magnetic structure with the increase of field [194]. At T = 1.8 K, the
magnetoresistance is large, reaching 350 % at 9 T without any sign of saturation, in agreement with
previous reports [189]. To explore this phenomenon further, we measured MR in pulse magnetic
fields up to 30 T, as shown in Fig. 8.8b. As seen, the magnetoresistance measured at several temperatures below and above the Neel temperature increases with magnetic field and reaches large
values of about 1500 % at 30 T (T = 4 K). This large value of MR is comparable to that observed
in topological semimetals such as LaSb [195], NbP [196], and/or WTe2 [172]. The MR(H) curve
at 4 K can be described by the relation MR ∝ Bn (see dashed line in Fig. 8.8b), with n = 1.75. The
close proximity to quadratic field dependence indicates nearly complete electron-hole compensation in HoSb, as expected from a semiclassical two band model [193]. In addition, for T = 4 K and
16 K, obvious Shubnikov de Haas (SdH) oscillations are observed at high fields. The presence of
the quantum oscillations, even at 16 K, points to a very good quality of the HoSb single crystals
used in the present studies. Analysis of SdH data in fields up to 30 T will be shown elsewhere. It is
also the characteristic of low effective mass and large mobility of carriers that could exist in HoSb.
The large, non-saturating magnetoresistance, the resistivity saturation in the turn-on temperature
behavior at very low temperatures together with metallic conductivity observed in HoSb are all
characteristic of topological electron-hole-compensated semimetals [193, 197].
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8.7 Discussion

Our study reveals the nontrivial band nature at the X point with a gap of ∼(25 meV) at around 470
meV below the chemical potential. These results suggest the possibility that HoSb is a correlated
f -electron system with a nontrivial band topology. Interestingly, our study reveals the presence of
a Rashba-type surface spin split state around the X point that lacks the topological origin. The
topological surface state shows dominant feature when dispersion map is taken along the Γ-X-Γ
and the Rashba-type surface state dominates along the M-X-M direction (see Fig. 8.8c). We have
calculated the Rashba coupling strength (αR ) as αR = 2ER /kR = 0.455 eVÅ, where ER is the
Rashba energy (32 meV) and kR is the momentum offset of spin split bands [198]. Note that the
Rashba coupling strength depends on the SOC strength and a larger value of αR would be naturally
expected in the heavier-members of the REM family,-which is crucial for the spintronics devices
applications. The electrical resistivity and magnetoresistivity indicate the presence of a topological semimetallic ground state in HoSb. Magnetoresistivity is large and non-saturating, even at a
magnetic field as large as 30 T. The characteristic behavior of electrical resistivity at low temperatures indicates that HoSb is possibly a new electron-hole-compensated topological semimetal with
a Rashba-type surface state lying within its bulk gap. Notably, the XMR has also been reported
on other trivial members of the REM family. Therefore, despite the presence of a non-trivial state
with high carrier mobility, we speculate that the non-trivial state is not directly responsible for the
origin of XMR. However, the high carrier mobility associated with the topological states may play
some role in generating the XMR. Our study thus allows us to infer HoSb as a potential nontrivial,
nearly-complete electron-hole-compensated semimetal. Since HoSb assumes an antiferromagnetic
ground state below 5.7 K, it offers a unique platform for exploring the interplay between topology,
Rashba states, XMR, and magnetism in this material.
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8.8 Experimental techniques

Crystal growth and characterization
Single crystals of HoSb were grown by the Sn flux technique as described elsewhere [191]. The
crystal structure was determined by X-ray diffraction on a Kuma-Diffraction KM4 four-circle
diffractometer equipped with a CCD camera using Mo Kα radiation, while chemical composition was checked by energy dispersive X-ray analysis performed using a FEI scanning electron
microscope equipped with an EDAX Genesis XM4 spectrometer.
Spectroscopic characterization
Synchrotron-based ARPES measurements of the electronic structure were performed at the Advanced light Source (ALS) beamline 4.0.3 with a Scienta R8000 hemispherical electron analyzer.
The samples were cleaved in situ in a ultra high vacuum conditions (5×10−11 T orr) at 18 K. The
energy resolution was set to be better than 20 meV. The angular resolution was set to be better than
0.2◦ for the synchrotron measurements.
Transport measurements
For transport measurements, the HoSb sample was prepared by a Plasma Focused Ion Beam (PFIB)
method. The electrical resistivity and magnetoresistivity were measured using a Quantum Design
Dynacool-9 device in magnetic field up to 9 T. Magnetoresistance measurements at pulsed magnetic fields up to 30 T were performed at NHMFL, and LANL using the same HoSb sample as
previously used in DC fields. For both measurements, a standard four probe measurement technique was applied.
Theoretical calculations
The first-principles calculations were performed within the density functional theory framework
using the Vienna ab-initio simulation package (VASP) [92, ?]. The generalized-gradient-approximation
with Perdew-Burke-Ernzerhof (PBE) parameterization and projector augmented-wave (PAW) [94,
136] pseudopotential were used in the computations. To calculate topological properties, we gener138

ated a real-space tight-binding (TB) model using VASP2WANNIER90 interface [137]. The surface
energy spectrum and constant energy contours were obtained by using an iterative Green’s function
approach [139, 138].
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Figure 8.1: (a) NaCl-type rock salt crystal structure of HoSb. Yellow and blue balls represent Ho
and Sb atoms, respectively. (b) Primitive bulk Brillouin zone (BZ) and projected (001) surface BZ.
High-symmetry points are marked. (c) Core level spectrum of HoSb showing sharp peaks of Sb
4d and Ho 4f. Right inset shows the variation of resistivity with temperature, sharp peak at ∼5.7
K indicates the magnetic transition. Left inset shows the picture of a HoSb single crystal. (d),(e)
Bulk band calculations along the various high symmetry directions without and with the inclusion
of SOC, respectively. A band inversion is observed at the X point of the BZ while SOC is included.
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Figure 8.2: (a) Experimentally observed Fermi surface and constant energy contour plots of HoSb
measured at a photon energy of 100 eV. Binding energies are noted on the plots. The experiments
were performed at the ALS beamline 4.0.3 at a temperature of 18 K. (b) Ab-initio calculated Fermi
surface of HoSb.
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Figure 8.3: (a),(b) Measured (100 eV) and calculated Fermi surface and constant energy contour
plots comparison of HoSb, respectively. The binding energy values are noted in plots 8.3a. Our
experimental observations agree nicely with the calculated Fermi surface and constant energy contour plots.
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Figure 8.4: (a),(b) Measured dispersion maps along the X-Γ-X and the M-Γ-M directions. In both
plots two hole like bands are observed to cross the Fermi level. (c),(d) Measured dispersion map
and its second derivative using the curvature method along the Γ-X-Γ direction. (e) Zoom-in view
near the band inversion point of the area highlighted by the dashed box in (c). (f) Calculated surface
dispersion along the Γ-X-Γ direction. (g),(h) Experimentally measured dispersion map and its
second derivative plot along the X-M-X direction. Photon energies are noted on the experimental
plots. All the experiments were performed at the ALS beamline 4.0.3 at a temperature of around
18 K. Orbit-resolved band structure near (i) X and (j) Γ point. A clear bulk band inversion between
Ho d (red) and Sb p is resolved.
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Figure 8.5: (a) Photon energy-dependent energy-dispersion maps along the Γ − X − Γ direction.
(b) Dispersion map along the X − M − X direction. (c) Momentum distribution curves (MDCs)
of the area indicated by the blue dashed box in (b). The black dashed rectangle shows the area
used for drawing the MDC plots around the bulk bandgap. (d) MDC plots near the bulk gap. Black
dots serve as the guide to the eye for peak locations. (e) Calculated energy dispersion along the
M − X − M direction. The projected bulk bands and surface states (SSs) are marked with arrows.
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Figure 8.6: (a),(b) ARPES measured dispersion maps along the high symmetry X-M-X direction
and second derivative plots with different photon energies, respectively. The presence of surface
state can be clearly observed. All measurements were performed at the ALS beamline 4.0.3 at a
temperature of 18 K.
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Figure 8.7: (a)-(c) Momentum distribution curves around the bulk band gap marked by the black
dashed rectangle in 8.5. Photon energies are noted in the plots.

Figure 8.8: (a) The temperature dependence of electrical resistivity of PFIB prepared micrometersize single crystal of HoSb. The Inset shows a picture of the PFIB prepared sample (33 µm × 0.8
µm × 10 µm). (b) The magnetic field dependence of magnetoresistivity of HoSb at applied fields
up to 30 T. The dashed line represents the relation MR∼H1.75 . Inset shows the magnetoresistivity
data in the low-field region. (c) A schematic showing the electronic dispersion of HoSb. The
experimentally observed Fermi surface is shown in the inset.
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CHAPTER 9: CONCLUSION

In conclusion my works discover the effect of SOC in TNLS and find a material which can support
2D Dirac fermion state. Furthermore, for the first time we experimentally discover a magnetic
nodal line semimetal in ZrSiS-family. We theoretically predict a prototype nodal loop semimetal
with minimum symmetry protection and experimentally observe the clean drumhead surface state
for the first time. Our work identify a topological metal where distinct multifermionic state can
coexist in Hf2 Te2 P. Finally our work in HoSb identify the coexistence of nontrivial and Rashbatype surface state with a possible origin of XMR in topological materials. This work provide
a sturdy platform to study various propeeties of topological semimetals. At the same time they
provides a layout for future reseach direction. For examples the clean drumhead state and the
other observed nodal line semimetal in ZrSiS-family can be used to study Floquet state by photoexcitation. These materials can also be used to study large photocurrent from nontrivial nature of
the bands.

147

APPENDIX A: IMPORTANT PUBLICATIONS

148

1. M. M. Hosen, B. Wang, G. Dhakal, K. Dimitri, F. Kabir, C. Sims, S. Regmi, T. Durakiewicz,
D. Kaczorowski, A. Bansil and M. Neupane, Observation of topological nodal-loop state in RAs3
(R = Ca, Sr), Sci. Rep.10, 2776 (2020). [First clean drumhead surface state]
2. Y. Liu, J. E. Beetar, M. M. Hosen, G. Dhakal, C. Sims, F. Kabir, M. B. Etienne, K. Dimitri,
S. Regmi, Y. Liu, A. K. Pathak, D. Kaczorowski, M. Neupane and M. Chini, Time- and AngleResolved Photoemission Spectroscopy using an Ultrafast Extreme Ultraviolet Source at 21.8 eV,
Rev. Sci. Instrum. 91, 013102 (2020).
3. M. M. Hosen, K. Dimitri, A. K. Nandy, A. Aperis, R. Sankar, G. Dhakal, P. Maldonado, F.
Kabir, C. Sims, F. C. Chou, D. Kaczorowski, T. Durakiewicz, P. M. Oppeneer, and M. Neupane,
Distinct multiple fermionic states in a single topological metal, Nat. Commun. 9, 3002 (2018).
[Top 50 read article of 2018 by Nature publications, First multi fermionic state: experimental]
4. M. M. Hosen, G. Dhakal, K. Dimitri, P. Maldonado, A. Aperis, F. Kabir, P. M. Oppeneer,
D. Kaczorowski, T. Durakiewicz, and M. Neupane, Discovery of topological nodal-line fermionic
phase in a magnetic material GdSbTe, Sci. Rep. 8, 13283 (2018). [First magnetic nodal semimetal:
experiment]
5. M. M. Hosen, K. Dimitri, A. Aperis, P. Maldonado, I. Belopolski, G. Dhakal, F. Kabir, C. Sims,
M Z. Hasan, D. Kaczorowski, T. Durakiewicz, P. M Oppeneer, and Madhab Neupane, Observation
of Gapless Dirac Surface States in ZrGeTe, Phys. Rev. B 97, 121103(R) (2018). [First material
with both topological Dirac state and topological crystalline insulator phase: experiment]
6. M. M. Hosen, K. Dimitri, I. Belopolski, P. Maldonado, R. Sankar, N. Dhakal, G. Dhakal, T.
Cole, P. M. Oppeneer, D. Kaczorowski, F. Chou, M. Z.Hasan, T. Durakiewicz, and M. Neupane,
Tunability of the topological nodal-line semimetal phase in ZrSiX-type materials, Phys. Rev. B
95, 161101(R) (2017).

149

7. M. Neupane, I. Belopolski, M. M. Hosen, D. S. Sanchez, R. Sankar, M. Szlawska, S.-Y. Xu,
K. Dimitri, N. Dhakal, P. Maldonado, P. M. Oppeneer, D. Kaczorowski, F. C. Chou, M. Z. Hasan
and T. Durakiewicz, Observation of Topological Nodal Fermion Semimetal Phase in ZrSiS, Phys.
Rev. B 93, 201104(R) (2016). (editor’s suggestions) [First nodal-line semimetal: experimental]
8. . M. Neupane*, N. Alidoust*, M. M. Hosen*, J.-X. Zhu, K. Dimitri, S.-Y. Xu, N. Dhakal, R.
Sankar, I. Belopolski, D. S. Sanchez, T.-R. Chang, H.-T. Jeng, K. Miyamoto, T. Okuda, H. Lin,
A. Bansil, D. Kaczorowski, F. C. Chou, M. Z. Hasan and T. Durakiewicz, Observation of the spinpolarized surface state in a noncentrosymmetric superconductor BiPd, Nat. Commun. 7, 13315
(2016). (highlighted by DOE) [8 = equally contributed]

150

APPENDIX B: COMPLETE LIST OF PUBLICATION

151

1. M. M. Hosen, B. Wang, G. Dhakal, K. Dimitri, F. Kabir, C. Sims, S. Regmi, T. Durakiewicz,
D. Kaczorowski, A. Bansil and M. Neupane, Observation of topological nodal-loop state in RAs3
(R = Ca, Sr), Sci. Rep. 10, 2776 (2020).
2. Y. Liu, J. E. Beetar, M. M. Hosen, G. Dhakal, C. Sims, F. Kabir, M. B. Etienne, K. Dimitri,
S. Regmi, Y. Liu, A. K. Pathak, D. Kaczorowski, M. Neupane and M. Chini, Time- and AngleResolved Photoemission Spectroscopy using an Ultrafast Extreme Ultraviolet Source at 21.8 eV,
Rev. Sci. Instrum. 91, 013102 (2020).
3. F. Kabir, M. M. Hosen, F. C. Kabeer, A. Aperis, X. Ding, G. Dhakal, K. Dimitri, C. Sims, S.
Regmi, L. Persaud, K. Gofryk, P. M. Oppeneer, D. Kaczorowski and M. Neupane, Observation of
multiple Dirac states in a magnetic topological material EuMg2 Bi2 , arXiv:1912.08645 (2019).
4. G. Dhakal, M. M. Hosen, A. Ghosh, C. Lane, K. Górnicka, M. J. Winiarski, K. Dimitri, F.
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